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GDC-DCF70-003
APPENDIX A

ANALYSIS OF DATA FROM PREVIOUS STUDIES

1. INTRODUCTION

This paper consists of brief reviews of the various documents which the
Phase I contractors supplied as background information. These documents were
introduced as part of the data base for the contractor's requirements studies.

There were sixteen separate papers supplied. Of these, three were origi-
nated as part of the requirements study by the contracting teams; two are general
descriptions of the requirements studies prepared for delivery as speeches. The
remainder are third-party papers which deal with information transfer needs in
one of the various service or demand categories being considered by the Phase I
contractors.

Each of the sixteen papers are reviewed independently in the following
sections and are evaluated in terms of:

a. the category of service or demand being treated,

b. the extent to which information transfer predictions are
quantified,

c. the degree to which the data supplied is adequate for the
purposes of system synthesis and conforms to the format
used.in the Convair computer analysis, and

d. some assessment as to the overall utility of the data
presented in the paper.

2. Paper No. 1, ANALYSIS AND RANKING OF DEMAND CATEGORIES BY POTENTIAL
BENEFITS, IMSC/AQ56712

This is a principal paper of one of the Phase I contractors. It deals with
a methodology for ranking some 32 categories of demand which the authors have
designated to cover the 212 separate demands that they have identified. There is
some quantitative information supplied about each of the major demand categories
but it is not sufficient to generate a continuous prediction over time of either
the level of demand or use for any of the categories. The computer printout of
the list of individual demand categories, the number of users, coverage/location,
information type, bit rate, MSG duration, spacing quality reliability, priority
and privacy is the most complete and useful data in the entire collection from
the point of view of system synthesis. In a subsequent report this data will be
translated into an appropriate format for the Convair computer program.

The actual ranking procedure is a comprehensive quantitative algorithm based
on weighted subjective ratings for each of nine different indicators of potential
benefit. The analysis is reasonably useful despite a moderate degree of inter-
dependence between the factors and limited dimensional character. For this reason,
the weighted sum used by the authors is no less applicable than other more
sophisticated mathematical manipulations. The assertion that demand correlates
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with benefit is correct when there is no price elasticity of demand. However,
since this is generally not the case for most of the services being considered
this postulate should be used with constraint. In short, although the ranking
procedure is of use as a correlate, the principal information of value that can
be gained from this paper is the descriptive listing of the 32 demand categories
with quantitative estimates of their magnitudes in 1970 - 1975 and 1985.

3. Paper No. 2, PROFILE FOR SPACE TELECOMMUNICATIONS

This paper describes the various communication requirements for the future
NASA space program. This includes both qualitative and some quantitative pro-
jected requirements of a space satellite and space station as detailed by the
NASA Goddard Space Flight Center. Various transmission calculations for space-
to-space links are also included. While the form of a space information network
of the 1980's could be extracted from this material, it would be difficult to
fix the size or capacity of the various links (almost no quantitative data is
included in the descriptive material). The schedule of space missions provided
should also be brought up to date as a result of recent major changes in NASA
plans and budgets before it could be used to estimate the communication environ-
ment required to support these programs.

L, Paper No. 3, PROFIIE FOR COMPUTATIONAL INFORMATION TRANSFER SYSTEMS

This paper provides quantitative indications of the demand for information
transfer which will derive from the computational systems of the 1980's and 90's.
The trade-off between communications costs and the economies of large control
processors are explored and the potential growth of remote access installations
is estimated. The capability of the switched telephone network for carrying
digital communication is also discussed. The U.S. Geological survey teleprocessing
system was selected and described in the paper as prototypical of a large computer-
communication system of the 70's. The information provided would be highly useful
for describing this particular form of system but would be of only limited use
for system design or synthesis due to the limited treatment of specific link
capacity requirements.

5. Paper No. 4, REQUIREMENTS FOR INTEGRATED INFORMATION NETS (Year 1990)

This paper was prepared for delivery to the American Astronautical Society.
It essentially covers the material that was given at the Phase I contractor's
final presentation in December, 1970. A prediction of various '"demand indicators"
such as school population, welfare expenditures, intercity freight are presented.
Five basic service categories are described: data collection and/or distribution
information distribution, inquiry and response, broadcast, and information exchange.
Some examples of each of these service categories are provided. The quantitative
data is limited and its form will require considerable conversion in order to lend
itself to the Convair computer synthesis program.

6. Paper No. 5; DEMAND FORCASTING FOR INFORMATION TRANSFER SATELLITES

This material also was prepared for presentation to the American Astro-
nautical Society and deals with methods for predicting the demand for information
transfer services. The principal conclusion advanced is that data communications



will account for less than 1 percent of voice traffic rather than the 50 percent
often quoted. The data are presented only in aggregate form - i.e., total bits
per year for a service. Because of this there is insufficient detail on system
characteristics and long and short haul requirements to be directly useful for
system design or synthesis using the Convair computer program.

7.  Paper No. 6, PROFIIE FOR METEOROLOGICAL INFORMATION

This paper provides a description of the World Weather Watch and the
Global Atmospheric Research Program. Descriptive material concerning the form of
the present Meteorological information network consisting of a National Meteoro-
logical Center (Wash. D.C.), Regional Centers, and individual station is provided.
However, no specific quantitative data about the traffic density or the number of
locations for transmitting and receiving is included. As an appendix a description
of the WEFAX (WEather FAcsimile experiment) is included without indications of the
data rates and network configuration. This article contains no data that could be
used as input to the Convair system synthesis computer program.

8. Paper No. 7, A STUDY OF LAND MOBILE SPECTRUM UTILIZATION

This paper provides a detailed look at frequency occupancy in the 40 M Hz,
150 M Hz and 450 M Hz bands in Detroit and Los Angeles as contrasted with actual
FCC assignments. Some indication is given of the magnitude of use being made of
mobile communications and the scheduling and coordination problems that have
occurred in larger metropolitan areas. The information relates mostly to short
range voice links and therefore will probably be of little use in a study of
satellite data information transfer. A direct application of this material to
the present study or as input to the Convair computer program could not be found.

9. Papers No. 8 through No. 15, REFERENCE PROFIIE FOR EARTH SCIENCES AND
OCEANOGRAPHY

This group of papers is intended to give some indication of the information
transfer requirements of such activities as fish, sea state and resource monitoring,
agricultural crop surveillance, hydrology, topography, geology and pollution and
erosion control.

The first paper included in this collection deals with the legal implications
of atmospheric water resources. There is nothing in this paper that relates to
information transfer requirements.

The second paper deals with remote sensing studies of the ocean. Three
principal parameters can be measured; surface roughness, surface temperature, and
water color. Some data about the value of reduced search time for fishing fleets
might be useful for benefit evaluation but no quantitative data is presented con-
cerning the information rate and network pattern that would be required of an

operational system.

The third reference is an extract from the Agriculture Handbook on the world-
wide use of airphotos in agriculture. This paper indicates what areas of the world
have been photo surveyed but there is no obvious link of this material to informat-

ion transfer requirements.

The fourth paper is titled, "Earth Resources Survey from Space" and
provides a good indication of the types of data that are likely to result from
ERTS satellites. Although no data rates per se are given, the sensor resolution
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and available data dump times for different orbits are provided. This information
can serve as the basis for calculating preliminary data transmission requirements.
As the article acknowledges, ''the arguments are still mainly qualitative' =~ they
have to do with such things as vibrationless sensing synoptic viewing, inter-
pretating data, focused efforts. The program can not move into a more quantitative
phase until more flight testing of all types is done.

The fifth paper details amn agricultural resources information system. The
types of information, their usefulness, and pattern of flow are all discussed in
general terms. The actual quantity of information of interest in such a system is
not discussed nor are the number of potential suppliers or receivers of this
information estimated. It provides a good model of a system but additional
research would be required to establish a quantitative measure of the potential
demand .

The sixth article in this set is concerned with forcasting the economic
impact of future space station operations. This reference contains a number of
interesting estimates of the yearly benefits that could result from a variety of
space programs in the areas of agriculture, geology, oceanography, atmospheric
sciences, etc. The long range benefits of improved weather prediction are estimated
at $2 billion per year. This paper sets forth some sound logical principles for
developing a benefit analysis based on user information requirements. Unfortunately
the entire article has not been included so it is not possible to say if the user
information requirements and the value of resulting benefits are specified in
quantitative terms.

The seventh article is concerned with agricultural applications of remote
sensing. This article gives data for resolution and repetition rate for various
kinds of sensor data, but no estimates of total data rates or information flow
patterns. A fairly extensive bibliography is included with this material.

The cighth article is titled, 'Aerospace Applications in Agriculture'. The
necessary resolution, frequency of coverage and other information are converted to
quantitative data. A simple determination of the data rate from ERTS-A is made
which comes out to be 8.7 x 107 bits per sec. on an 8verage basis. For the short
readout times that are typically available, 100 x 10° bits/sec capability could be
required.

The ninth and final article in this series is a survey of non-federal
purchasers of airphotos. This material gives some idea of the size of the market
for the type of data represented by airphotos. A detailed description is also
given of the photo sales by customers but end uses and benefits are not discussed.

While the material in these eight articles gives a reasonable picture of
potential information transfer activities in the fields of earth sciences and
oceanography, it is not adequately detailed or sufficiently quantitative for the
purpose of setting actual communication systems requirements.

10.  CONCIUSION
The material available in these 15 papers provides an overview of future
information transfer operations and indications of the importance of such services

to a variety of specific fields. Furthermore, some feeling for the form of the
networks requirements can be derived from these papers. However, very few
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. quantitative indications are given or can be derived of the magnitude of the
communications requirements, either for individual channels or for a total system.

Such estimates are only available in the Lockheed summation and the basis of these
is not described in the papers.

To carry the analysis forward from this point requires acceptance of the
Lockheed data as given and the adaptation of it into the Convair/Hughes system
synthesis. The necessary interpretation of this data to fit the input require-
ments for the Convair computer program will be presented in a subsequent paper.



TRANSFORMATION OF LMSC DATA INTO FORMAT SUITABLE
FOR INPUT TO CONVAIR COMPUTER PROGRAM
A. L. Horley

A number of data items were not included in the LMSC Phase I
material supplied. For those cases best estimates were made of what the

values should be,

CONVAIR INPUT VARIABLES VALUE
USER IDENT MEDICAL DIAGNOSTIC VIDEO
LMSC NO. 032

NO. OF TRANSMITTERS 50

NO. OF RECEIVERS 50

AREA OF COVERAGE Us

NO. OF BEAMS 1

BW OR DATA RATE 6 MHz

NO. OF CHANNELS 1

MODE SIMPLEX

S/N OR ERROR RATE 30 dB

NOISE ENVIRONMENT URBAN

USER IDENT MEDICAL DATA
LMSC NO. 030, 028, 032
NO. OF TRANSMITTERS 209

NO. OF RECEIVERS 209

AREA OF COVERAGE Us

NO. OF BEAMS 1

BW OR DATA RATE 4800 bps

NO. OF CHANNELS 50

MODE DUPLEX

S/N OR ERROR RATE 10-5

NOISE ENVIRONMENT URBAN




CONVAIR INPUT VARIABLES

VALUE

USER IDENT

LMSC NO.

NO. OF TRANSMITTERS
NO, OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE
NO. OF CHANNELS
MODE

S/N OR ERROR:RATE
NOISE ENVIRONMENT

EARTH RESOURCES
173

1 (satellite moving)
. .
GLOBAL

1

4 MHz

4 cu

ONE WAY

20 dB

SUBURBAN

USER IDENT
LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE
NOISE ENVIRONMENT

" 3 SPOT

WEATHER BALOON AND BUOY
078, 079

1000

>

GLOBAL RELAY

1 GLOBAL

100 BPS

1

ONE WAY - BROAD GATHERING
10-k

RURAL

USER IDENT

LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE

ORBIT FLIGHT TEST
182

5

1

GLOBAL RELAY
5

20 Kbps

2

DUPLEX

10-4
SUBURBAN




CONVAIR INPUT VARTABLES

VALUE

USER IDENT

LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE
NO. OF CHANNELS
MODE

S/N OR ERROR«RATE
NOISE ENVIRONMENT

MANNED SPACE SUPPORT
175 '

5
1

GLOBAL RELAY

3 SPACE 1 EARTH
6 MHz or 60 Kbps

2 CH

ONE WAY

20 dB or DATA 10-6
SUBUR%AN

USER IDENT

LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE
NO. OF CHANNELS
MODE

S/N OR ERROR RATE
NOISE ENVIRONMENT

ASTRONOMY SATELLITE RELAY
176

1

1

GLOBAL RELAY

'3 SPACE . 1 EARTH
6 MHz or 20 Kbps

2 CH

ONE WAY

20 dB or 10-5
SUBURBAN

USER IDENT

LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE

AIRCRAFT COLLISION AVOIDANCE
088

6

4500

GLOBAL

3
1 KHz

14500
ONE WAY
10-6
RURAL




CONVAIR INPUT VARIABLES

VALUE

USER IDENT CIVIL DEFENSE
LMSC NO. 154

NO. OF TRANSMITTERS 60

NO. OF RECEIVERS 60

AREA OF COVERAGE " Us

NO. OF BEAMS 1

BW OR DATA RATE 3 KHz
NO. OF CHANNELS 15

MODE DUPLEX
S/N OR ERROR:RATE 30 dB
NOISE ENVIRONMENT URBAN
USER IDENT UN MEETINGS
LMSC NoO. 114

NO. OF TRANSMITTERS 1

NO. OF RECEIVERS 106
AREA OF COVERAGE US

NO. OF BEAMS 1

BW OR DATA RATE 6 MHz
NO. OF CHANNELS 1

MODE. ONE WAY
S/N OR ERROR RATE 20 dB
NOISE ENVIRONMENT URBAN

USER IDENT

LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS.
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE

WEATHER SATELLITE RELAY
089

3

1

GLOBAL RELAY
3 SPACE

6 MHz

b

ONE. WAY

20 dB

1 EARTH

SUBURBAN




CONVAIR INPUT VARIABLES

VALUE

USER IDENT
LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO, OF CHANNELS
MODE

S/N OR ERROR«RATE
NOISE ENVIRONMENT

MIGRATION OF WILD ANIMALS
162, 163
50

1
REGIONAL
1

100 bps
1

ONE WAY
10=4
RURAL

USER IDENT
LMSC NO.

NO, OF TRANSMITTERS
NO, OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE
NOISE ENVIRONMENT

'3 SPACE

DEEP SPACE RELAY
7T

5

1

SPACE

1 EARTH
100 bps

1

ONE WAY

10-6

SPACE

USER IDENT

LMSC NO,

NO. OF TRANSMITTERS
NO, OF RECEIVERS
AREA OF COVERAGE
NO, OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE

ORBIT ASSEMBLY
181

1

1
GLOBAL
3 SPACE
€ MHz

2
DUPLEX
20 dB

1 EARTH

RURAL
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CONVAIR INPUT VARIABLES

VALUE

USER IDENT

LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
 NO. OF BEAMS

BW OR DATA RATE
NO. OF CHANNELS
MODE

S/N OR ERROR+ RATE
NOISE ENVIRONMENT

ATR TRAFFIC POSITION
086

1,300

20
GLOBAL

3 SPACE
2,400 bps
1,000

1 EARTH

DUPLEX
10-6
SUBURBAN

USER IDENT
LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE
NOISE ENVIRONMENT

COMPUTER SERVICES
169

50

350,000

Us

1

280 Kbps
1
SIMPLEX
10-6
URBAN

USER IDENT

LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE

OCEAN FISHING
105

1

15,000

OCEAN

1

3 KHz

27

ONE WAY

30 dB

RURAL
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CONVAIR INPUT VARIABLES

VALUE

USER IDENT

LMSC NO,

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE
NO. OF CHANNELS
MODE

S/N OR ERROR\RATE
NOISE ENVIRONMENT

AIRCRAFT COMMUNICATION
050, 051
5,000
5,000
GLOBAL
3

3 KHz
100
DUPLEX
20 dB
SUBURBAN

USER IDENT

LMSC NO.,

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE
NO. OF CHANNELS
MODE.

S/N OR ERROR RATE
NOISE ENVIRONMENT

AIR TRAFFIC POSITION
087

1

5,023

Us

1

2,400 bps
50

ONE WAY
10-6
SUBURBAN

USER IDENT
LMSC NO,

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE

ATRCRAFT PERFORMANCE
113

1,300

1

OCEAN

1

2,400 bps

1

ONE WAY

10-6

RURAL
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CONVAIR INPUT VARIABLES

VALUE

USER IDENT
LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR:RATE
NOISE ENVIRONMENT

CROP SURVEILLANCE
Lh7

b)

1

us

1

6 MHz .

ONE WAY
10-5
RURAL

USER IDENT
LMSC NO,

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE
NOISE ENVIRONMENT

WEATHER STATION
081

4,100

1

us

1

300 bps

ONE WAY
10-4
SUBURBAN

USER IDENT
LMSC NO,

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE

SHIP COLLISION AVOIDANCE
098

27,000

27,000

OCEAN

1

1 KHz

1

SIMPLEX

10-6

RURAL
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CONVAIR INPUT VARIABLES

VALUE

USER IDENT
LMSC NO.

NO. OF TRANSMITTERS
NO., OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR:RATE
NOISE ENVIRONMENT

SHIP COMMUNICATION
090
1,200
1,200
OCEAN
1

3 KHz
100
DUPLEX
20 dR
RURAL

USER IDENT
LMSC NO.

NO, OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE
NOISE ENVIRONMENT

SHIP POSITION
095

27,000

1

OCEAN

1

2,400 bps
1

ONE WAY
10-5
RURAL

USER IDENT
LMSC NO,

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO, OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE

LAW ENFORCEMENT
002

52

52

Us

1

2,40 bps
50

DUPLEX
10-5
URBAN

+14




CONVAIR INPUT VARIABLES

VALUE

USER IDENT
LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR:RATE
NOISE ENVIRONMENT

LAW ENFORCEMENT
00k

52

52

Us

1

6 MHz

SIMPLEX

. 35 dB

URBAN

USER IDENT
LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE
NOISE ENVIRONMENT

LIBRARY NETWORK
065

T0

T0

Us

1

4,800 bps
20
SIMPLEX
10-6
URBAN

USER IDENT
LMSC NO,

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE

STOCK QUOTATION
075

1

25 x 109

us -

1

360 Kbps

ONE. WAY
10-6
URBAN
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CONVAIR INPUT VARIABLES

VALUE

USER IDENT
LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR\RATE
NOISE ENVIRONMENT

HYDROLOGICAL DATA
152
25,000

1

Us

b)

2.5 Kbps
b)

ONE WAY
10-4
RURAL

USER IDENT
LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO. OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE
NOISE ENVIRONMENT

USER IDENT

LMSC NO.

NO. OF TRANSMITTERS
NO. OF RECEIVERS
AREA OF COVERAGE
NO, OF BEAMS

BW OR DATA RATE

NO. OF CHANNELS
MODE

S/N OR ERROR RATE

NOISE
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APPENDIX B

SYSTEMS DEFINITION

B.1 Terrestrial Long Haul Communication System Costs - In order to
develop viable parametric cost data for use in determining system tradeoffs
various types of transmissioﬁ systems have been considered. Construction
costs and annual costs for different kinds of transmission systems have
been analyzed by several sources. 1,2,3,4

Construction costs and recurring annual costs per channel mile for
different communication media are shown in Figures B-l to B-6. These
figures were plotted from data published in Reference 3. In estimating
system costs hypothetical systems were assumed. For the line-of-sight
microwave relay system a length of 3, 000 miles was assumed and an opera-

ting frequency of 7125-8400 MHz was utilized. The capital recovery is

based on a useful life of 20 years and an interest rate of four percent.

1. DCS Applications Engineering Manual-Volume I: System Planning
and Performance Criteria, Defense Communication Agency,

January 1968.

2. R. D. Chipp and T. Cosgrove, ''Economic Analysis of Communi-
cation Systems', IRE Trans. Communication Systems, Vol. CS5-10,

pp. 416-421, December 1962.

3. T. Cosgrove and R, D, Chipp, "Economic Considerations for
Communication Systems ', IEEE Trans. Communications Technol~.

ogy, Vol. COM-16, No. 4, August 1968.

4, D. H, Homsher, Ed., Communication System Engineering

Handbook, McGraw-Hill, 1967.
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Leased facilities were considered by Cosgrove and Chipp in
Reference 3. Data published in Reference 3 is plotted in Figure B-7,
It was noted that the cost for a 60-channel system for 1000 miles would be
$1,200, 000 per year while the commercial leased rate for similar service

would be $1,290, 000 per year.

In using the cost data for systems to be installed in various geographic areas
a '"location factor'' should be used to account for price variation due to varying
equipment costs and transportation and labor rates. Typical location factors are

listed in Table B-1 5.

Location Factor
Alaska
Adak 3.0
Anchorage 1.7
Fairbanks 1.9
Nome 2.3
Hawaii
Coastal 1.4
Mountainous 1.6
Alabama .9
Washington, D, C, 1.0
Colorado 1. 05

Table B-1l. Typical Location Cost Factor

The data plotted in figures applies to present~day equipment. These
numbers are representative of present-day transmission system costs but these
systems may be outmoded by new developments in long distance waveguide or
surface wave transmission, Waveguides, usually of rectangular cross-section,
are commonly used for antenna feed lines. The configuration most likely to be
used for longer distance transmission employs a very low loss mode of propaga-
tion in circular cross-section guide. The design of economical repeaters and

guide components is a problem which requires consideration.

5. DCA Cost Manual, Volume I, Communication Costs.
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The G-Line or surface wave transmission line consists of a single wire
with coaxial-to-surface wave transitions mounted at appropriate intervals. An
estimate of the comparative costs of three hypothetical systems in the same

situation is shown in Table B-26_

Coaxial ' Microwave G-Line
Cable Relay
2.5 3 1
Figure B-R. Transmission Media Comparative Cost.

Guided wave transmission media have a significant advantage over radiated
wave systems in that the frequency spectrum is conserved. The frequency
spectrum of coaxial cable, waveguide or surface wave transmission lines is
iterative in that an arbitrary number of guided wave transmission lines can be
operated on the same frequency.

In order to utilize available cost data properly a knowledge of system
implementation scheduling is required to take advantage of cost reductions which
accrue because of technology advancement and mass production techniques.

In some cases considerations other than dollar cost may predominate because of

factors such as security or spectrum conservation.

6. T. Hafner, ''Surface Wave Corridors'' - Communicatiohs for High Speed
Ground Transportation Systems. IEEE International Conference on
Communications, June 9-11, 1969, CAT No. 69C29-Com.
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B.2 MULTIPLE ACCESS TECHNIQUES

1.0 REVIEW OF MULTIPLE ACCESS TECHNIQUES

1.1 Introduction

The need for multiple access operation constitutes one of the
miost important factors influencing modulation system design. The
. multiple access problem is characterized by two particularly significant
requirements:

1) The need to accommodate an appreciable range of user
"sizes''.

2) The requirement for the several different accesses to
handle various kinds and volumes of traffic.

In addition to these are many concomitant considerations such
as graceful degradation capability, flexibility to respond to changing
traffic flow. requirements (reallocation of satellite repeater resources
on a demand basis for efficient use of satellite power), ease of ground
terminal implementation and operation, etc. :

Considerations of the above types in various forms are encountered
constantly with respect to multiple access satellite communication, ’
which is to say in all but the most elementary applications of communi-
cation, satellites. In the past several years much background has
been compiled at Hughes in the solution of such problems.

The need to accommodate various user sizes and to handle
different traffic loads through different accesses constitutes two
especially significant multiple access requirements. That is, relayed
signals carrying higher data rates and/or those destined for smaller-
sized ground terminals require relatively large shares of down-link
power. If efficient use is to be made of satellite power then the mul-
tiple access technique must lend itself to such apportionment.

Before embarking on detailed parameter studies, it is of interest

to briefly review the characteristics of the four basic multiple access
techniques:

1) Frequency division multiple access (FDMA),
2) Spread spectrum multiple access (SSMA),
3) Pulse address multiple access (PAMA), and

4) Time division multiple access (TDMA).

1.2 Multiple Access Techniques

1.2.1 Frequency Division Multiple Access

In FDMA each ground terminal is assigned a specific frequency
band within the total bandwidth capacity of the repeater. Thus all users
are contiguously stacked in non-overlapping bands within the passband
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of the repeater. Sufficient guard band between channels must be
provided to eliminate undesirable adjacent channel interference effects.
This basic concept is illustrated in Figure B-8. Each modulated up
link carrier is received within its preassigned frequency band,
amplified, and retransmitted with a frequency offset to permit simul-
taneous transmission and reception through a single antenna system.

‘ If all up link carriers are of equal power, a single wide-band
repeater without receiver channelization can be employed to provide
the most simple of all multiple access repeater configurations. *
However, if there is a large disparity among the individual up link
power levels and receiver terminals, the available repeater RF power
may not be shared in the most effective manner. This is of particular
concern in a communication environmment which inctudes a :
varied mix of large and small ground terminals. Repeater channeliza-
tion and on-board control of down link power may be required to achieve
efficient operation of the repeater.

A linear repeater with adequate dynamic range can relay
any type of FDMA modulated input signal, including amplitude modula-
tion, with negligible distortion and interference, provided there is no
crosstalk between the up link input signals. Studies of present and
planned communication satellite networks indicate that angle modula-
tion techniques will be used exclusively. This eliminates the need for
processing AM signals through a linear repeater. Studies have shown
that better dc to RF conversion efficiency can be obtained with a non-
linear repeater as compared to a linear repeater.

SATELLITE
REPEATER

f3 f2 f' . f3 +af ‘2 +af f3 +af

GROUND | | GROUND | | GROUND
-] TRANS= TRANS- TRANS-
MITTER MITTER "MITTER

GROUND | | GROUND { | GrOUND |
RECEIVER | | RECEIVER | | RECEIVER :

Figure B-8. Schematic Representation of
FDMA Links

*This implies equal sensitivity for all ground terminals.
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When two or more signals simultaneously pass through a FD'MA
repeater, nonlinearities in the repeater will produce intermodulatlop
distortion which will result in a multiplexing loss of -1.3 dB and which
may also interfere with the desired sign?.l. In the case of a hard'
limiting repeater, the desired signal to intermodulation noise ratio
will be 9.0 dB. This ratio is shown in Figure B-9 (Reference 1). It
is interesting to note that it is almost independent of the channel
spacing. The dotted curve corresponds to Cahn‘§ result for rectangx}lar
input channels (Reference 2). When only a few s1gn‘als are present, it
may be possible to select specific carrier frequencies for which there
will be little or no inband intermodulation products. When the.re are a
large number of signals, the repeater bandwidth required for 1nte1:-
modulation free channels becomes prohibitively large and impractical.

When the required detection signal-to-noise ratio at the ground
terminal approaches the signal-to—intermodulati'or.l ratio, the .rep_eater
transmitter power requirement tends toward infinity. To maintain
the power requirement within acceptable bounds, it may be necessary

® T
o = MAXIMUM DRIVE SIGNAL TO AMPLIFIER
o = ADJUSTED DRIVE TO AMPLIFIER
i
17 OR 65 CHANNELS
S = CHANNEL SPACING AS
MULTIPLE OF CHANNEL
BANDWIDTH /
40
4
{
NO SPACING /
BETWEEN
CHANNELS
v
—d
]
g 2 -
w
a YN /
)
-
s SN 2
° /
2 /
74
-
10 e =]
L L
. LINEAR REPEATER '
> V
[ 1 2 3 [

LIMITING LEVEL o/

Figure B-9. Signal-to-Intermodulation Spectral
Density Ratio in Nonlinear Amplifier
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to back off from hard limiting operation. Reducing the input drive signal
will improve the signal-to-intermodulation ratio. However, as shown

in Figure B-9 the output power will decrease approximately in proportion
to the degree of backoff. This leads to an optimization problem in

which the best degree of backoff is selected for a particular detection
signal-to-noise ratio requirement.

Another consequence of operating with a nonlinear repeater is
signal suppression. When a strong and weak sinusoidal signal are
simultaneously present in the repeater, the output power ratio of the
two signals will differ from the input power ratio. With a hard limit-
ing repeater, the weaker signal is suppressed an additional 6 dB below
the input power ratio when the larger signal is greater than the smaller
by 6 dB or more. If the larger signal can be represented by wide-band
noise, the small signal will be suppressed by only 1 dB. When many
independent input signals of nearly equal power are present at the input
to the repeater, the summed signals will tend to act like gaussian noise,
and therefore any one of the signals will be suppressed by only 1 or 2 dB.

1.2.2 Spread Spectrum Multiple Access

In SSMA the repeater relays wide-band noise-like signals. Each
up-link signal occupies the entire bandwidth of the repeater. Thus all
signals simultaneously overlap each other in the same frequency band.
At the ground terminal each message or information bit of a message
is modulated with a wide-band pseudo-noise (P-N) digital bit stream.
Each terminal in the net is assigned a different and orthogonal P-N
sequence. To establish communication with a particular receiving
terminal, the transmitter modulates the message sequence with the
P-N sequence assigned to the receiving terminal. The receiver detects
the message by a correlation process in which the receiving terminal
multiplies the incoming P-N sequence by its assigned sequence and
integrates the product for a time equivalent to an information bit (see
Figure B-10. In order to accomplish this correlation process, the
receiver P-N code generator must be in synchronization with the
incoming P-N sequence,

Link synchronization is accomplished by initiating each transmission
with a sync interval. This preamble provides sufficient time for the
receiver P-N code generator to search in time until its code sequence
coincides with the incoming bit stream, at which time link synchroniza-
tion has been achieved. Thereafter, automatic lockon circuitry main-
tains synchronization during message transmission. If the P-N codes
for the individual terminals are truly orthogonal (i.e., exhibit zero
correlation with respect to each other) each receiving terminal can
detect its message without interference from all of the other overlapping
signals in the same transmission bandwidth. For a large number of
users, complete orthogonality may require network synchronization.
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Figure B-10 Elements of SSMA Link

Since the up-link signal structure resembles noise, signal
suppression effects in a hard limiter will be less severe than for
FDMA. If the power in any one signal is small compared to sum of all
other signals, the suppression effect will be negligible and only the 1 dB
multiplexing loss need be assigned to the hard limiter. Also, with
SSMA the intermodulation product created in a nonlinear repeater
tends to be more uniformly spread across the entire band, and con-
sequently the correlation process in the receiver will provide signifi-
cant processing gain against intermodulation signal energy.

SSMA imposes a fairly complex coding and decoding requirement
on the ground terminals. Each station must include not only code
generating equipment for its own receiver but also transmitter code
generating equipment for all other co-active terminals. For short
message transmissions, link synchronization time might exceed the
message time, and thus might lead to poor overall network efficiency.
Overall network sync can be employed to minimize link synchronization
time. However the satellite must then be capable of supplying a suitable
sync signal to the entire net.
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1.2.3 Pulse Address Multiple Access

Each terminal station is assigned a unique set of pulses within
a group of transmission bands. A message bit is represented by the
complete set of pulses assigned to each of the terminals. Each code
set can be represented as a waveform on a frequency-time plane as
shown in Figure B~11. The set of pulses representing a message bit is
termed a transmission frame. Each terminal in the net is identified
by the unique code pulses comprising its transmission frame. In the
basic PAMA system the frame code is invariant, and the frame trans-
mission rate corresponds to the information bit rate associated with
the transmitting terminals.

Transmn:issions are initiated with a short sync preamble that
permits the receiver to achieve bit synchronization. The receiver is
equipped with a matched filter which yields optimum processing of the
received waveform. This matched filter is usually implemented by
tapped delay lines or shift registers arranged to sum the individual
pulse energies in the received waveform (Figure B-12. Each receiver
must be equipped with the unique '"matched filter" corresponding to its
address, and each transmitter must be capable of generating the frame
codes for all co-active terminals.

No particular time slots in the frequency-time plane are exclu-
sively assigned to any one terminal in the net. In practice, pulses
associated with transmission frames from different terminals may
overlap each others frame and tend to introduce errors in the received
message. For a specified number of network users, the frame code
and ''matched filter'" in the receivers are designed to cope with an
acceptable degree of pulse overlapping when all links in the net are
active.

One of the most characteristic features of PAMA net is its
behavior under different system loading conditions. This behavior

%
5 /%
) N
5 /
7
2 7 A
1 / | |
1 2 3 4 5 é 7
FRAME TIME, T

Figure B-1l. Representative Transmission
Frame for PAMA
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Figure B-12. Elements of PAMA Link

is represented in Figure B-13 which illustrates the error rate as a
function of the number of users for a system based on utilizing.an
SHF bandwidth of 100 MHz. With less than 125 users, the error rate
is constant and is determined by the thermal noise in the RF links.
As the number of users increases, interference at any one receiver
(due to the presence of undesired pulses intended for other receivers)
will increase rapidly with the number of simultaneous users. Thus
for a small number of users the system error rate is determined by
thermal noise and can be improved by increasing transmitter power
or receiver sensitivity, However, with a large number of users, the
error rate is determined by the system self-interference and cannot
be significantly improved by increasing the signal-to-noise ratio in
the RF link.

Because PAMA exhibits such a rapid deterioration of performance
with increasing number of simultaneous users, it finds its most useful
applications in a net consisting of a large number of users with low
average duty factor per user. Assuming an average duty factor of 10
percent permits a ten-fold increase in the number of simultaneous
users shown in Figure B-13.
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Figure B-13. Characteristics of
Representative PAMA Link

1.2.3.1 Network Timing and Link Synchronization

Since the frame codes themselves will represent the terminal
addresses, network synchronization is not required in PAMA.,
However, with network sync it is possible to reduce the amount of
self-interference in the net and to improve performance by 2 or 3 dB
(Reference 3). This improvement results from the fact that network
synchronization permits a greater selection of noninterfering codes
from a class of available codes than does a nonsynchronous net.
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Link bit synchronization is required for optimum time gating of
the receiver so that noise and interference can be minimized. Link
synchronization can be readily achieved by initiating each transmission
with a series of information '"ones'' that can be recognized by the receiver
matched filter as the synchronization sequence. The sync preamble can
be coded into a Barker sequence to provide correlation gain for a sync
pulse at some submultiple of the information bit rate. This may permit
more rapid synchronization in a noisy environment. Once bit sync has
been established, automatic lockon circuitry can maintain synchronization
during message transmission.

1.2.3.2 Linear Versus Limiting Repeater

In an ideal linear repeater the PAMA signals will be relayed
without distortion or additional interference and will be degraded only
by the signal-to-noise ratio developed at the receiver. In a hard
limiting repeater, intermodulation and signal suppression will tend
to degrade system performance. However, because of its greater dc
to RF conversion efficiency, it may be advantageous to employ a
limiting type of repeater,

It is difficult to estimate the effects of a nonlinear repeater on
PAMA signals. These signals are characterized by very narrow
pulse widths (typically 0.5 microsecond) with a low duty factor. Since
the frame codes will usually employ a relatively large number of
frequencies and time slots, more than one frequency may be simul-
taneously present in the receiver, and therefore intermodulation pro-
ducts will be generated. However, because of the low duty factor of
the pulses it can be expected that at times only one or two pulses at
different frequencies will be present simultaneously, and therefore
intermodulation effects should be less than those experienced with
constant envelope signals. For similar reasons signal suppression
effects due to the momentary presence of a strong pulse signal will be
diluted because of the short duty factor of the pulses.

1.2.4 Time Division Multiple Access

In TDMA each terminal in the network is time sampled at the
Nyquist rate corresponding to twice the highest information rate at the
transmitting terminal. The complete network is synchronized so that
. each terminal has exclusive use of the repeater during the sampling
time (see Figure B-14. Each terminal is assigned a specific time
slot within the sampling frame period. The terminal receivers
include synchronized gating circuitry which permits each receiver to
extract its time addressed pulse with maximum signal-to-noise ratio.

It is important to note that for TDMA the satellite processes each
up-link signal at separate time intervals. Hence there are no inter-
modulation and signal suppression effects in the repeater. Consequently
TDMA is potentially capable of providing maximum communication
efficiency through the repeater.
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Figure B-14. Elements of TDMA Link

The primary disadvantages of TDMA are the requirement for
network synchronization. The need for rigid network time synchroni-
zation imposes some significant disadvantages in terms of network
flexibility. For example, addition of new terminals to a network
previously designed to operate at maximum efficiency would require
resynchronizing the entire net. If spare time slots are provided for
growth in the original net, the repeater would not be operating at
maximum efficiency since its noise bandwidth would have to be increased
to support the additional time slots. Also, because the slot width is
dependent not only on the number of terminals within the net but also
on the data transmission rate, it is difficult to accommodate terminals
with widely varying data transmission rates efficiently in a single net.
Depending on the sampling rate requirements, it may be advantageous
to provide for high and low data rate terminals on separate repeater
channels.

In order to achieve and maintain network synchronization, a
common timing signal must be available to all stations in the net.
This signal can be generated on the ground, modulated on an up-link
carrier, and retransmitted to the net via a reserved channel in the
repeater. Preferably, a stable on-board beacon signal generator
modulated with timing code would provide the required sync signal
by direct transmission from the satellite.
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In practice each terminal is adjusted with respect to the frame
sync signal received from the satellite so that its transmission time
occurs within its assigned time slot. This can be accomplished at the
terminal by simultaneously monitoring both the sync signal and the
terminal transmissions as relayed by the satellite. It is estimated
that timing accuracies of about 50 nanoseconds would represent the
present and near future state-of-the-art for an SHF network sync signal.

1.3 Comparison of Multiple Access Techniques

It is convenient to subdivide the four multiple access techniques
into:

A) Those utilizing continuous carrier waveforms (FDMA and
SSMA), and

B) Those with pulse waveforms (TDMA and PAMA).

Since a carrier is always present with the information in Class A,
power distribution and control is a primary consideration. If the com-
munication network is composed of ground receiver stations with various
sensitivities (characterized by antenna size, noise figure, and effective
noise temperature), Class A systems require some method of alloca-
tion of the effective radiated power (ERP) from the satellite. This
allocation, for simplicity, could be linearly proportional to the received
signal at the satellite repeater. The ground transmitters must individually
adjust their power output for variations in atmospheric attenuation so that
the ERP of the satellite is properly distributed. The linear distribution
requires that the traveling wave tube amplifier must operate well below
its saturation level where power amplification is not efficient. For more
efficient power amplification, the TWT may be operated in a near
saturated state (hard limiting). However, this requires monitoring
and controlling the power level of all transmitter terminals so that
large signals will not suppress smaller ones (power control), also
intermodulation distortion must be limited to acceptable levels.

Power control is not necessary for TDMA while some power
control may be necessary for PAMA as the number of users and their
corresponding information rates increase to the range where considerable
overlap, in time, of user signals occur. TDMA requires synchronization
of the entire communication network for providing non-overlapping trans-
mission time slots. The synchronization may be provided by timing
equipment aboard the satellite. PAMA requires a sync signal within
each link in order that the orthogonally coded information may be
extracted from the receiver signal.

Class A can be further divided on the basis of whether the
communication links are spectrally separated (FDMA) or each link
uses the entire, available bandwidth (SSMA). Class B is divided
on the basis of whether the data transmission on individual links over-
lap in time (PAMA) or they do not (TDMA). These further divisions
are important when considering user assignment and interference
between communication links. FDMA requires assignment of frequency
slots on either fixed or demand basis (network control). In a non-linear
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TWT, FDMA signals will be mixed causing intermodulation noise to
other links and suppression of the weaker links (power robbing). TDMA
also requires assignment of time slots but has the advantage of no
interference between links. SSMA and PAMA have the disadvantage of
increasing interference with the number of users when a non-linear
satellite power amplifier is utilized.

Summarizing, some of the most important criteria for comparing
the relative merits of the various multiple access techniques are:

1) Signal interference (intermodulation).
2) Signal suppression (power robbing).

3) The necessity of allocating frequency or time slots
(network control).

4) Power control.

5) Graceful degradation.

6) Power amplifier efficiency of TWT.
7) Link synchronization.

8) Network synchronization.

The characteristics of the various multiple access techniques
are summarized on a preliminary qualitative basis as shown in
Table B-3. Comparisons are based on both linear and limiting type
of repeaters. For FDMA, significant performance differences can be
expected between a linear and limiting repeater. However, for TDMA
only one signal is present at any one time, and therefore the inter-
modulation and signal suppression effect usually associated with limit-
ing repeater is not present. Becuase of its higher dc to RF conversion
efficiency, a limiting repeater can be recommended for TDMA without
more detailed trade studies. In PAMA the signal code structures will
tend to dilute the interference and suppression effects associated with a
limiting repeater. More detailed study is required to define these
effects for PAMA. It may be anticipated that a limiting repeater
operating somewhat below full saturation would represent the best
compromise for PAMA and FDMA.
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2.0 MULTIPLE ACCESS SYSTEMS - ANALYSIS
AND PARAMETRIC DATA

2.1 Introduction

In this part the characteristics of the various multiple access
techniques are examined in greater detail. For illustrative purposes,
initial performance analysis is made on the basis of meeting a simple
but hypothetical communication requirement consisting of M number of
identical digital modulated voice links.

2.2 Frequency Division Multiple Access

In FDMA, individual channels occupy adjacent portions of the fre-
quency spectrum, and the repeater amplifies and retransmits the com-
plete up link spectrum to the ground terminals. If the repeater operates
linearly, the retransmitted spectrum has the same relative power dis-
tribution among the channels as in the up link spectrum. However, the
power available for any one down link signal is inversely proportional
to the total power at the input to the repeater. Thus, up line noise robs
power from the down link retransmissions.

Alternatively, the repeater can be operated in a nonlinear mode,
where a higher level of output power is available. However, the limit-
ing action of the repeater introduces intermodulation among the channels
which appears as additive noise to the ground receivers. In addition,
individual channel power levels are reduced, and stronger up link chan-
nels tend to further suppress weaker channels in the down link trans-
missions., As in linear repeaters, input noise acts to rob the available
repeater power from the channels.

2.2.1 Performance Analysis, Linear Repeater

Consider first a linear repeater. The signal power, P received

at the ground in the ith link is

Pi PT
Pri = PT Nl A = APi = (2-1)

ri’

where
.th _. . .
Pi =1 link power received at repeater input
PT = repeater transmitter power
I" = total power input to the repeater (sum of all up link signaland
noise power)
A = total down link transmission loss (space loss plus Spacecraft

and Ground antenna gains)
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The total noise power received at the ground terminal in the ith channel

APT APT
Nri = NuWi - + Ci T + NdWi (2-2)
where
N, Nd = repeater and ground‘ noise spectral density level,
u respectively
Ci = crosstalk in ith channel due to other chanﬁels
th

W. = i"" channel bandwidth

The resulting signal-to-noise ratio (S/N) for the ith channel is then

AP P
i

(%)zNWI-DA+CPTA+NWI‘ (2-3)
i NyWiPr it avsi

Solving for the transmitter power to achieve a given (S/N)i yields

1(8) r
A\N lNdW P1
PT = ) <§ [ ] (2-4)
" \N
i
where
NuWi + C, 4 th
ozi = -—P—l = up link noise plus crosstalk-to-signal ratio ini
i channel

M
= 2 [P +NW + C, ] = total up link power

M = number of channels
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Equations (2-4) and (2-8) are plotted in Figure B-15for parameter
values illustrated.

2.2.3 Crosstalk and Channel Spacing

The crosstalk power represents interference due to spillover of
adjacent channels and depends upon the spacing of the channels and their
power levels. If gaussian channels spectra are assumed, with band-
widths set to the inflection points of the spectrum, the resulting
crosstalk-to-signal ratio of two neighboring equal power channels on a
third middle channel is obtained by evaluation of

EWEH
2 f(y) dy
2x
(§) - <§—(1)> W Wl (2-9)
f{y) dy
-W

0
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Figure B-13. Transmitter Power Versus Number of Simultaneous
Digital Voice Links for Linear and Nonlinear Repeater
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2.2.2 Performance Analysis, Nonlinear Repeater

When operated in a saturating mode, intermodulation and
suppression effects are introduced into the previous equations, depend-
ing upon the type of frequency characteristics of the channels and the
degree of saturation. For gaussian shaped channel spectra, the effect
is to suppress the available repeater power by 0.78 (1 dB). The inter-
ference in a bandwidth Wi is given by ,

AP AP ‘ (B)P. W,
T T T i .
(0'78)Nuwi< T > + (0'78)Ci< T > + N W, + ———= (2-5)

d i B

where B is the intermodulation coefficient, B is the total repeater band-
width and the last term represents the added intermodulation noise.
The resulting S/N in a ground terminal of bandwidth Wi is

(0. 78)APTPi

S/N = K, PAP W I

T
(0. 78)NuWiAPT +0.78 CiAPT + B + NdWiI"

(2-6)

where K| is a suppression factor to account for channel power suppres-
sion arising from power unbalance in passing through a hard limiter.
This factor basically represents an increase in power margin that must
be made available for weak up signals when in the presence of strong
signals. This suppression may be as much as -6 dB when the strong
signal is more than 6 dB greater than the weak s1gna1 Solving (2-6)
for repeater power yields .

1/.S (r)
A<K1N>Ndw P,

P = - (2-7)
T S [ <W1F>]
0.78 - K_IN 0.78ari +B BE
For equal channels, Equation 2-7 reduces to
1 S
A(K1N>NdWM(1+a)
P = (2-8)

T o.78_< ) B+ 0.9a]
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where
P, /P, = the power unbalance of the interfering channels to the

middle channel

2
fly)=e™” /2

w = spectrum bandwidth

x = channel spacing in multiples of half bandwidths

Equation 2-9 is plotted in Figure B-18 for different degrees of
unbalance. The results indicate that with FDMA operation, having at
most a 10 dB unbalance, a center-to-center channel spacing of approxi-
mately twice the channel bandwidth is needed to obtain crosstalk ratios
of less than -15 dB.

2.3 Spread Spectrum Multiple Access

In spread spectrum multiplexing, binary information on each
channel is modulated on to a wide band digital sequence. This sequence
then phase modulates an RF carrier, and is transmitted to the intended
ground station through the repeater. FEach up link carrier uses its own
distinct sequence, which is chosen to have low correlation with all other
sequences being used. Information is retrieved at the ground terminals
by correlating with the proper sequence. By modulating on to a high
rate digital sequence, the binary information in a particular up link is
‘ effectively spread over a wide bandwidth. Since only the interference

3
/
. / [
25 |~ BALANCED /
. — — UNBAULANCED, aa/ // // . /
g / / /
. 20 7
g /| S of
3 / 1/ /
:—.;' " / / /
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= 71/ iy
7/ /
/ |
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Figure B-16, Signal-to-Crosstalk Ratio Between Up Link
Signals Versus Frequency Spacing
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in the information bandwidth ultimately affects the probability of
detection, this technique can provide antijam protection. One may
alternatively view SSMA as a coding of information bits into binary
words and achieving an improvement in detectability in accordance

with the number of "chips' per bit.* All channels use the same nominal
rf carrier frequency. The wide band RF signals are superimposed upon
each other, and each appears as an additive source of noise during
transmission. If the binary sequences for the different links are orthog-
onal, the crosstalk interference can be eliminated by the receiver cor-
relation process.

2.3.1 Performance Analysis, Linear Repeater

Consider the case where the repeater operates linearly. If P; is
the power in the ith channel at the repeater, the received energy, E;,
at the ground terminal after correlation with the proper sequence is

AP, :
E; = P \—f (2-10)

where
P, = repeater power
A = transmission loss (including satellite and Gnd Antenna Gains)

' = total up link power

= Z [Pj + NuWJ.]
J

P = power of the ith channel
T = time per information bit

Wj = RF bandwidth of the channel

Nu = repeater noise density

The interference power PC after receiver correlation is

2 (AP
P=) (p,E)? + NyE; + N E\—F (2-11)
J
j#i

*""Chip" refers to pulse in pseudo-random sequence.
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where

cross-correlation coefficient of the jth channel with the i
J channel

e
1l

Ng

The corresponding detectability, dj, of the receiver, defined as
the ratio received energy squared to the interference power, is then

receiver noise spectral density

E?

1

c 2 APT
z (PEE) + N.E. + N E\—
j i) dTi u i\ I

]

Ll (]

K

E,
= 1 (2-12)

AP
2 T
E PjEj+Nd+Nu< T )

]

For gaussian noise interference, the parameter d uniquely determines
the channel error proba.b111 y, for example, d = 9.3 dB corresponds to
an error probability of 10~

Assuming equal channel power, P, bit rate, 7, and correlation

coefficient, p, and solving for the repeater power, PT, we have

(%) Ng H‘) (M+ay,)

1 -4 [(M—l)PZ +oz_r]

P (2-13)

T:

where

M = number of spread spectrum channels

Q
i

NuW/P = up link NSR in RF band W

Q
i

Nu/TP = up link NSR in band 1/7
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2.3.2 Performance Analysis, Nonlinear Repeater

For a nonlinear repeater, Equation 2-13 must be modified to

(%) Nd(”i') (M+ay,)

T .78 - d[(M-l)PZ-% +a1_]

P (2-14)

Equation 2-14 includes the multiplexing power loss and intermodulation
interference associated with nonlinear repeaters. The parameter B 'is
the intermodulation coefficient and depends upon the amount of limiter
backoff. For the range of transmitter ERPs, the up link noise-to-
signal ratios, @+ and s will be negligible.

Since the product TW can be interpreted as the maximum number
of orthogonal signals having length, T, and bandwidth, W, the term
M/TW can be considered to be the ratio of the number of signals to the
maximum possible number of orthogonal signals. Thus, for orthogonal
signals, M/TW has a maximum value of unity, which will be used in the
following analyses. Note that the quantity TW is also the processing
gain of the receiver correlator. Equation 2-14 indicates that the inter-
modulation term involving B can be made negligible with large TW pro-
ducts. Physically, this means the intermodulation spectrum is spread
over such a wide bandwidth that only a relatively small portion appears
in the information bandwidth.

2.3.3 Number of Orthogonal Signals

When using spread spectrum techniques, it is of interest to esti-
mate the number of orthogonal signals that may be available to the net-
work. This problem has been investigated by J. K. Wolf and B. Elspas

(Reference 4). The upper bound for this number is given by
N
log2 (;1—) = np (2-15)
where

N = number of signals

correlation coefficient between signals

el
"

o]
n

2 x system W product (T = information bit period,
W = bandwidth)
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Equation (2-15) can be written as

_ oBP

ol

Imposing complete orthogonality (p = 0), leads to N =2 tvW.

2.4 Time Division Multiple Access

In TDMA, each terminal has exclusive use of the satellite repeater
for short time intervals. The entire net is time synchronized so that
fixed time slots can be assigned to the ground terminals. For illustra-
tive purposes, the performance of an idealized TDMA system will first
be analyzed on the basis of satellite ERP required to support M number
of digital voice channels.

Assume a voice channel with maximum bandwidth of 2500 Hz. The
Nyquist sampling rate is 5 kHz. Let each sample be encoded into four
binary bits. If M channels are seeking access, M can be related to the
sampling rate by Equation 2-16. Figure B-1% identifies the transmission
format associated with this simple requirement. This format assumes
perfect synchronization and no guard time between pulses.

T=MT
T' = slot time duration per channel
T = time per frame 2 x 10—4 (2-16)

Since each voice sample is encoded into four bits, the bit time for each
channel is

-4
7! T 2 x 10
t= T =i A seconds (2-17)
s B 4 SLOT DURATION
btz |3 |4 |5 beeefm | 0o

[ FRAME TIME, T—‘l

EACH SLOT CONTAINS A BURST OF FOUR INFORMATION B8ITS

Figure B-17. Transmission Format for Simplified TDMA System
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The minimum bit time is related to link bandwidth as shown in
Equation 2-18.

P -
E r
t = -I\T_/—N_ (2-18)
of o
where
E/NO = bit energy/noise density
Pr/No = bandwidth for which S/N ratio at ground terminal is unity

Assume differentially coherent detection. For example, to satisfy
the requirement of a bit error rate of 1077, E/No = 9.3 dB.

Combining Equations (2-17) and (2-18) and substituting the factor
of 8.5 for 9.3dB, the number of channels M can be determined from

1 x 10-4
M=7%8.5 Fr/N) (2-19)

With equation 2-19, the number of up links M, can be calculated as a
function of repeater down link ERP.

2.5 Pulse Address Multiple Access

Pulse address multiple access (PAMA) systems have certain
characteristics which appear attractive. The two most important pro-
perties of these systems are:

1) The ability to address literally an infinite number of users
with a relatively simple address form, and

2) The ability to operate without the need for network
synchronization.

In the following subsection, a representative type of PAMA sys-
tem will be described and its performance analyzed.

2.5.1 Description of Representative PAMA Technique

Consider the frequency-time matrix shown in Figure B-18, The
darkened squares represent pulses being transmitted, at appropriate
time intervals, on various frequencies, F, through F_ .. The following

. . . - 1 N
rules will be imposed upon this matrix:

1) The first time slot T1 shall be filled by exactly one pulse.
2) Each frequency slot shall be filled by exactly one pulse.

3) More than one pulse may occur in all time slots except Tl'
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Under these conditions, we may calculate the maximum number of
address forms possible. Consider the matrix of Figure B-18, The first
time and frequency slot has been filled, There are F)N ways of filling
the first time slot. Having filled the first time slot, we must fill Fy_1
additional frequency slots one time and Tpy_; additional time slots zero,
once, or more than one time. From this we may deduce that there are

Fx [TNfl] [FN_I] (2-20)

address forms available under the rules adopted.

For example, for Fy = 8, Ty = 16, there are about 1.37 x 109

address forms possible, and for Fy = 12, Ty = 12, there are about
3,42 x 1012 address forms possible, which is far in excess of any con-
templated number of user terminals.

Each user transmits his own address form; the transmission of
an address form corresponding to a logical '""one, ' and the nontrans-
mission of an address form corresponding to a ''logical zero."

The receiver employs a certain type of detection logic to identify
the address form of a particular user, and that logic will be described
as follows:

1) The receiver looks only for pulses falling in the particular
frequency-time slots corresponding to the address form it
is looking for, and ignores what occurs in other frequency-
time slots.

2) A partial overlap of a pulse from the intended or non-intended
receiver into a frequency-time slot predetermined by the
receiver is regarded as a pulse received in that particular
frequency-time slot.

3) The receiver sa.fnples only once per address period.
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2.5.2 Performance Analysis

Assuming adequate signal energy, the matrix detection process
will determine the performance of a PAMA link. This section of the
report describes the theory of matrix detection, and derives a functional
relationship between carrier-to-noise ratio, desired error rate, and
the frequency-time parameters of the matrix. The analysis is then
extended to include application of PAMA to the simple requirement of
M number of identical links.

A typical PAMA address matrix is shown in Figure B-12. The
openings correspond to a particular address form. The horizontal axis
represents time, the vertical axis frequency. The incoming pulse field
is moving from right to left. The decoding circuitry samples in only
one pulse interval out of every Tpnth pulse interval. If a pulse or a por-
tion of a pulse appears in all openings, the reception of an address form
is recorded, indicating presence of a logical one. If this does not occur,
a logical zero is recorded.

We are now in a position to estimate the expected error rate for
the Nth user in the presence of N_j users. The N_] users are trans-
mitting address matrices at random time intervals relative to each
other. The Poisson function, which is a probability function of semi-
continuous form, is applicable to the solution of this problem. The
function is

k
P = ilklle'vT (2-21)

P(k) = probability of exactly k random events occurring in interval T

T = time interval under consideration

<
"

average density of occurrence of random events per unit time

SIGNAL
DIRECTION

A

MATRIX RECEIVED SIGNAL

Figure B-13. PAMA Code Matrix and Matching Signal
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from Equation 2-21, the zero order function is

Plo) = e VT (2-22)

which is the probability of exactly zero events occurring in an interval
T. The probability of one or more events occurring in an interval T is

~ _ -vT
P(1 or more) L - P(O) =l-e (2-23)

The approximation sign is necessary, since in this particular
problem, the values of k do not extend to infinity (assuming a finite
number of users). However, for k extending to five or more, the approx-
imation is very close.

Consider now a single opening in the frequency-time matrix. What
is the single look (instantaneous) probability of one or more pulses over-
lapping this opening? This probability is

B Number Number of Ones Two Time Address Transmitted on]
Users in a Row Slot Width Average of 1/2 Time
1 -(N -1)x (1) x(2) x (1)x (1/2)
- e T
. N .
Number Time Slots
N in Row ' N
(2-24)
-(N-1)/T,)

- l:l e N (2-25)

Note that a period equal to twice the slot opening must be
considered.

Figure B-20illustrates two pulses on the verge of overlapping a
slot interval. The centers of these two pulses fall on the boundaries of
a two slot width interval. All pulse centers falling within that interval
will cause an overlap of one slot width interval. We also note that each
user transmits a logical one on the average only 1/2 of the time, so that
the factor of 1/2 must be included in Equation 2-24.
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Figure B-20. Two Pulses Overlapping Slot Interval

We may therefore conclude that the probability of receiving a
false address for the NP user in the presence of N-1 users is just

F
-N-1/T | Y
1 - e . . (2-26)

According to the way we have defined the receiver logic, a transmitted
address form is always received (in a noise free system) with unity
probability. Therefore, if a transmitted address form corresponds to
a logical one in a digital system, and the non-transmittal of an address
form a logical zero, the bit error rate is

F
-(N-D/T | N
1/21 - e (2-27)

The factor of 1/2 represents the fact that logical ones are trans-
mitted one-half of the time, and logical zeros are transmitted one-half
of the time.

One may now include the effects of a finite receiver S/N ratio on
the expected bit error rates. Let Pnpg be the probability of mistaking
noise for a pulse, and P4 the probability of being able to recognize a
pulse if it is transmitted.

The probability of not receiving a logical one if one is transmitted
is just the probability of not receiving a single pulse, since one pulse
missing from the address form prevents it from being received. That
probability is

[ - Pd] (2-28)
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Note that Pg is equivalent to the error rate for each pulse or ''chip' of
the matrix. The probability of receiving a logical one when one is not
transmitted by the intended sender is

| 1 F
-(N-1)/Ty

( -(N-l)/TN)' ) N
1 -e +P 1 -e (2-29)

NB PNB(

The overall information bit error probability is thus

-(N-l)/TN
P, = 1/2 (l-Pd)+ 1 - e + Pyg

F

N
-(N-l)/TN)

- PNB (1 - e (2-30)

Equation 2-30 permits us to calculate the information bit error
rate as a function of the received error rate for the individual pulses in
the matrix, the matrix frequency-time parameters, and the false alarm
probability, Pyg. It is customary to set receiver threshold so that
PNB will equal the pulse error rate (1 - Pg). Such adjustment of thres-
hold tends to minimize the required transmitter power.

The behavior of PAMA systems can be illustrated by substituting
appropriate numerical values into Equation 2-30 and calculating the
information and error rate as a function of the number of simultaneous
users. As an example, the following system parameters are assumed:

Total bandwidth = 100 MHz

Link bit rate = 19. 2 kilobits/second

Desired bit error rate = 10_4

Matrix size, = 40, TN =100

FN
The performance curves in Figure B-21wer e developed by assigning
representative carrier-to-noise ratios, and substituting the corres-
ponding pulse error rate, (1 - Pg), and false alarm rate, Pynp, into
Equation 2-30. The number of users, N, as a function of the informa-
tion bit error rate was then computed for C/N ratios of 5.8, 8.0, 9.3,
10.3, and « dB.
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Figure B-2L Binary Bit Error Rate Versus Number of Users

These curves illustrate the most characteristic feature of PAMA
links; vulnerability to self-jamming. For relatively few simultaneous
users, self-interference will be negligible and the information bit rate
is essentially determined by the C/N ratio of the link. As the number
of users increase, the error rate rapidly increases to unacceptable
levels. For the selected parameters, the transition from negligible
inter ference to self-jamming occurs for about 150 users.
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3.0 MULTIPLE ACCESS SYSTEMS - MODELING

In 2 communications satellite system multiple access provides interconnection between a
number of earth stations via a satellite repeater; the satellite repeater serving as a node

for the circuits interconnecting the earth stations. The functions performed by the satellite
repeater are to multiplex a number of r.f. carriers received from ground stations for
purposes of amplification and retransmission to other earth stations. A similar inter-
connection by terrestrial means would be routed through a number of switching offices and
associated repeaters. Figure B22 ghows the signal flow in a multiple access satelhte
communication network., Two types of modulation are required, message modulation and
multiple access modulaﬁ(;n. The multiple~access modulation takes a fdrm that depends

upon the type of multiple access technique used. In time division multiple access the multiple
access modulation locates a transmission burst with respect to a reference time. In the
spread spectrum multiple access feqhnique (SSMA), the multiple~access modulator super-
imposes a PN coded phase or frequency modulation on the carrier. In frequency division
multiple access (FDMA) multiple-access modulation is essentially an a priori choice of
carrier center frequency. Figure B23 illustrates the difference between the different
multiple-access techniques by means of a 3 dimensional domain that is apportioned in various
ways depending upon the technique used. Each techniqué has unique characteristics and
advantages and disadvantages. TDMA requires no control of ground transmitter power but
requires precise synchronization between participating ground terminals. FDMA, although

the simplest technique, requires power control. Supervision is required in both FDMA and
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TDMA system for allocation of time slots or frequency channels to efficiently allocate
channels according to traffic load. Spread spectrum systems permit random access but
require power control and may require synchronization between ground stations.

There are essentially three methods by which earth stations might gain-access to a
multiple access channel:

a) Controlled access — the earth station requests and obtains access from a

network manager.

b) Self-ordered access — The station desiring access would ascertain what time
slot or frequency channel is available and then have the capability of entering
that channel or time slot.

c) Un-ordered access — access would be gained to a channel without first
determining the availability of a channel. (This method would apply to the SSMA
technique).

Controlled access would require a coordinating ground station to perform the channel
assignment function. In the case of digital message transmission some type of priority
assignmént might be required. Also a queueing function may be desirable. These functions
as well as store and forward capability are options to be determined in the design of the

communications network.

Multiple-access system models to be considered will be based on the following basic

guide lines:

a) One synchronous satellite will serve a number of ground stations.

b) Switching will only be done at the ground stations, not in the satellite.
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c) Both fixed and demand assigned multiple access channels will be considered. -

d) Service will not be limited to telephone channels.

3.1 'FREQUENCY DIVISION MULTIPLE ACCESS (FDMA)
The basic FDMA system is illustrated by Figure B-2where typically a number of ground
stations are linked by a single synchronous satellite repeater. ~Figﬁre B-24" }s a simplified
block diagram of a typical FDMA repeater, the Intelsat IIl. Allowance must be made in the
design of an FDMA system for the distortion that is inherent with this type of system:

1) Intelligible Crosstalk — amplitude variations in the repeater convert some FM

to AM and the TWT converts the AM back to FM which intelligibly interferes

with the original signal.

2) Delay Distortion — lack of phase linearity delays some frequencies more than
others.
3) Intermodulation between Multiple Carriers — caused principally by amplitude

ﬁon—linearity of TWTSs plus those in earth stations.

4) Amplitude Crosstalk between Multiple Carriers — caused by AM to PM convérsion
in TWT repeater.

Due to this intermodulation distortion CCIR has designated for an FDMA system that the

allowable 9000 pWOp noise power shall be allocated as follows :1

2250 pWOp intermodulation noise arising in earth station;

3000 pWOp intermodulation noise arising in common repeater;

750 pWOp thermal noise in the uplink;

3000 pWOp thermal noise in the downlink.
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In order to keep the distortion below the allowable levels it is necessary tb back off the
modulation level of the repeater well below the saturation level, to closely control the r.f.
power received at the satellite on all links and to insert guard bands between a;ll r.f. carriers
received at the satellite. To control the received power level it is necessary to monitor
the uplink signal levels at the satellite and by telemetry transmit this information back to the
ground stations. The ground stations must provide a means of reacting to this information
and maintain the EIRP to within approximately +0.5 db of the required level. Guard bands
equal to 25% of the occupied bandwidths is required between all mﬁltipléaccesvs carriers.

To provide assignment of channels based on demand, additional corriplexity must be
included in an FDMA system. A callup subsystem must be provided to assigﬁ available channels,
release channels when calls are terminated and provide busy signals. This would rgquire
additional equipment at one of the ground stations or at a separate ground station and an
additional narrowband channel must be provided so that the supervisory control can be
implemented. In addition, each of the ground stations transmitters and receivers must be
tunable and a more elaborate method of power control is required to keep fhe modulation level
optimum as the carrier multiplex load at the repeater continuously changes.

A limiting case of multiple access is the assignment of channels on a per call basis whereby
each voice channel (or data) modulates a separate carrier. In addition to the usual
complexity mentioned above for callup control and transmitter and receiver tunability,
there is an additional penalty of requiring separate ground transmitters and receivers for
each channel. Figure B-25 . illustrates the additional repeater bandwidth that would be required
compared to multiplexing several channels on a carrier. Table B-4. shows how the bandwidth

varies for a 1200 channel FDMA system as a function of the number of carriers.
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Figure B-25. Necessary space-station bandwidth for multiple-
carrier FDM-FM systems.

Curve A: One-carrier per space-station repeater
Curve B: Single channel per carrier
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Table B-4 . Repeater Bandwidth as a function of number of carriers
for a 1200 channel FDMA system.

No. of Carriers No. of Telephone Channels per Carrier Total BW (MHz)
5 240 135
10 120 178
20 60 226
50 24 ' 332
100 12 424

For a fixed channel assigned system consisting of several heavy traffic ground stations
of approximately equal capacity, the FDMA system is competitive with other methods of
muyltiple access. However, there are these disadvantages that must be accepted with an
FDMA system:

— Distortion due to intermodulation, intelligible crosstalk, phase nonlinearity and

amplitude crosstalk.

- Requirement for precise carrier power control.

- L;)ss of TWT efficiency and bandwidth to reduce intermodulation noise.

- Undue complexity of demand assigned access.

One advantage of the FDMA system which will greatly influence the continued use of
this system is the availability of FM hardware applicable to this type of system.

3.2 TIME DIVISION MULTIPLE ACCESS (TDMA) — Frequency Division Multiple Access
(FDMA) because of compatibility was a logical extension of the standard FDM telephone

transmission system. However, the extension of an FDM terrestrial telephone

system to a multiple access satellite repeater carried with it the disadvantages of the FDM
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system and introduced additional problems when operated in a satellite repeater multiple
access system. These disadvantages which have been mentioned are intermodulation
distortion, requirement for precise ground transmitter power control, inflexibility and

inadaptability to demand access.

Associated with the trend of conversion of terrestrial telephone systems to digital
PCM, there is considerable activity leading to the eventual operational use of digital time
division multiple access systems assoc;iated with the synchronous satellite relay repeater.
Some of the advantages of PCM systems are:

1) PCM is easily switched and routed.

2) PCM is less sensitive to interference.

3) There is no crosstalk or intermodulation distortion in the satellite repeater.

4) PCM is less sensitive to interference from other stations on the same frequency.

5) With an increasing amount of digital data traffic, a PCM system is more

adaptable than an analog system to the transmission of digital data.

6) There is a favorable exchange of R.F. bandwidth and power in PCM system

compared to an analog FM system.

7) Precise control of transmitted power is not required as with FDMA.

8) In a PCM system the pulse stream can be regenerated in the satellite repeater

to improve signal-to-noise ratio (uplink noise is not present on downlink).

9) PCM lends itself to secure communications.

10) TDMA is adaptable to demand assigned multiple access.

1. BASIC TDMA SYSTEM CONFIGURATION. FigureB-22 . defines the signal flow in a
multiple access network. For a TDMA system the message source is a number of telephone

channels, the message modulator is a PCM coder and the multiple access modulator is a
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PSK modulator. Not shown, but a vital element in a TDMA system, is a control subsystem

that provides the functions of synchronization, memory and formatting. Figure B-26 shows
the basic format of a TDMA system. Within each time slot, B, in the fraxﬁe is a transmission
burst from a groun(; staﬁon. Each participating ground station transmits one or more data
bursts during a time frame. Included in the data burst are binary words corresponding

to digitized samples of analog voice signals or digital data words in the case of digital data
sources. Also included within the burst are synchronization bits to assist a receiving

station in acquiring and maintaining synchronization and a unique word to identify the originating
station. In a fixed assigned multiple access system the format remains fixed with each time
slot within the frame assigned to a specific station whereas in a demand assigned system,

time slots are assigned to stations instantaneously on a demand basis. Also, the time

width of data bursts within a frame may be variable. The bit rate within a frame would normally
be constant. However, to accommodate small users of system capacity the bit rate within a
given time slot can be lowered to reduce transmitter power and receiver sensitivity
requirements.

Various factors impose limitations on the parameters of the TDMA system. The frame
duration depends on the transmission delay allowable and the cost of storing data. Assuming
the frame length has been established, the time slot duration depends upon the number of
stations and the data load per station. If it is required to transmit voice channels long delays
are intolerable. In fact the propagation delay associated with a synchronous satellite is
significant for a telephone system. If in such a system the frame period is made equal to the
speech sampling interval (typically 125 microseconds) no storage is required and the system
is referred to as a 'real-time' system. Although at the present time a frame period of 125

microseconds is the most prevalent, one recently completed study has made an economic
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tradeoff analysis to determine an optimum frame length.2 This was based upon the fact
that the number of bits required for synchronization and station identification remains fixed
whereas increasing the frame length increases the number of data bits per burst and thus
reduces the capacity lost to synchronization per frame. The analysis was made under these
assumptions:

1. A one way channel is worth $15, 000 per year.

2. Storage costs are $1.00 per bit, amounting over a 5 year period to $0.20 pér

bit per year.
3. A 24 bit word is sufficient to provide the required synchronization information.
Figure B-27 shows the results of this tradeoff and shows that a 6 millisecond frame
length is optimum for the assumptions. The additional delay is insignificant compared to the
250 milliseconds of delay associated with a synchronous satellite link.
" Making the frame duration less than 125 microseconds not only results in an economic
disadvantage but synchronization and timing become more critical.

These are some of the parameter hmits in the TDMA format: For a fixed frame time
the time-slot duration decreases as the number of time-slots per frame are increased. The
minimum allowable time-slot duration is equal to twice the uncertainty in propagation time
" before acquisition between any ground station and the satellite so that an initiating
synchronizing pulse, transmitted when access is initiated,. does not overiap adjoining time-slots.

Guard time between time slots must not be less than the minimum time uncertainty
associated with ranging after acquisition.

To assure proper interleaving of time slots of a station making access, a time reference

must be established and maintained either at the satellite or at a ground station.
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Corrections for path delay and path delay variations must continuously be maintained to
assure that time slots are synchronized to the frame reference. The station burst of each

participating station has a format that contains preamble bits and information bits,

: B-28.
according to Figure Information

|‘——' Preamble 4* (Voice & Data) o

Guard | Synch Unique
Time Bits Address
Word

Figure B-28. Preamble Format.

The preambIe is made as short as possible to maximize efficiency of transmission
or TDMA efficiency. The various parts of the preamble provide the following functions:

a, Guard time — this is non-transmission time inserted between data bursts to
prevent accidental overlapping of bursts.

b. Synchronization bits are required to recover a coherent carrier and establish
bit timing. This must be repeated for each burst because earth stations are not
coherently rélated. During the first part of the preamble after the guard time
only the carrier comes on to enable the receiver to achieve lock-on to the carrier
and the system clock. The time required depends upon the characteristics of the
receiver phase lock loops.

c. The purpose of the unique address word is to determine the time at which the

burst begins by correlation detection of this unique word. This word also identifies

which station originates the burst.
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2. TDMA EXPERIMENTAL RESULTS

3
a. ComSat/Intelsat I Experiment — Field tests were made of a TDMA system that

included three ground stations and the Intelsat I (Early Bird) satellite. Figure B-29
illustrates the equipment and parameters of the system used and Figure B-30 illustrates the

format. The parameters of this system are:

No. of voice channels 24

System bit rate 6.176 M bits/sec

Frame period 125 microseconds

Burst period Approx. 40 microseconds
Type of Modulation Coherent 2-phase PSK

The following parameters resulted from these tests:

1) Acquisition accuracy (the accuracy with which the center of the time slot is
entered) within + 2 microseconds.

2)  Lock-up time — less than 3 seconds after initial acquisition.

3) Guard time — 100 nanoseconds was determined to be adequate.

b. ATS Satellite Experiment4 — A medium altitude ATS satellite served as a repeater
fer three earth stations participating in the experiment. The system was characterized
by the following unique features:
1) Time synchronization is established with a low level PN sequence transmitted
continuously during acquisition by the acquiring station. This PN sequence is

repeated every frame. Knowledge of range is not required.
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2)

3)

Participating earth stations have control loops which maintain bit and frame
coherency referred to the satellite.

One station in the system is a reference station. A local station derives its own

~ clock and frame synchronization by comparing its code with the reference station

code, both as received from the satellite.

These are the system parameters:

Clock frequency _ 13.664 MHz
Frame length 125 microseconds
Subframe length 40.98 microseconds
Preamble - data channel 7 bits

station code 7 bits
Type of detection PSK 2-phase differential

Test results were as follows:

1)

2)

3)

4)

Differential vs. synchronous detection — differential requires only one overlap

bit per access for demodulation of subframe bit stream. Synchronous detection
requires approximately 20 bits at beginning of each subframe for carrier recovery.
Acquisition time depended upon initial AF. Up to 100 seconds required. Once
established it could be maintained with signal degraded to a 10-1 bit error rate.
Clock Synchronization — above a C/N of 7 db the clock synchronization capture range
measured greater than 450 Hz. (at the satellite altitude of 6000 n.m. there was

a + 300 Hz doppler on the bit rate).

Carrier recovery time for synchronous detection was 1.3 microseconds.
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5
¢. A 50 M Bit/Sec Comsat TDMA Experiment — This experimental system was

designed for tests that included ten earth station and the Intelsat III satellite repeater. The
maximum capacity of the system is 782 voice channels.
System characteristics are as followé:
Maximum capacity 782 voice channels
Frame period 125 microseconds
No fixed order of stations within frame and no fixed burst length - demand assigned.
There is no master station in the network but one of ground stations is a reference
station for burst synchronization purposes and this assignment can be passed on from station
to station.
Test Results — Lab tests completed. Field tests with Intelsat II to have been performed »
in Mid-1969.
Preamble word 57 bits PSK
47 bits DPSK

Combined carrier & clock recovery 20 bits PSK

10 bits DPSK
TDMA efficiency better than 90%
(defined as data time x 100 /data time + preamble time)
The implementation of demand assignment in this system is accomplished by identifying

unused time slots as a pool of time that is distributed among the participating stations.
Each station thus has its own pool of unassigned capacity called '"slack time." These parameters
are known quantities:

Total system Capacity, CT

Number of Stations, n

Equivalent loss in channels per preamble, CP
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The identification and assignment of spare channels proceeds as follows: on signal
from the reference station each station transmits the number of its highest numbered channel,

Ci. Channel capacity of the unassigned channel pool is:
_ n
Cs = CT -n (CP) - 1-2_ ) Ci.

Divided equally, each station thus has Cs/n unassigned channels and the burst length of each
station is, Ti = Cp + Ci + Cs/n. Each station from information which it has available

computes its position in the frame with respect to the reference signal.

3. DETERMINATION OF BASIC PARAMETERS FOR A TDMA SYSTEM — In order to
compare and optimize the various multiple-access techniques it is necessary to define the
communications network configuration the data flow requirements, and the basic system
parameters. Since TDMA is still in an experimental stage it is necessary to make some
assumptions concerning the implementation of a TDMA system. These assumptions are based
mainly on the results of TDMA experiments that have been initiated by Comsat and are

briefly described herein. Assumptions for the configuration of a TDMA system are as

follows:
No. of preamble bits 47
Guard time 100 nanoseconds
Frame period 125 microseconds
No. of bits per voice channel 8
Type of modulation DPSK

A fixed access system will have a fixed number of information bits in each burst within a
frame whereas in a demand access system the total number of channels will remain constant
but the distribution of channels between bursts of the participating stations will vary.
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A TDMA Example

Based on the above assumptions it is desired to define the bit rate, bandwidth and TDMA
efficiency of a 5 station demand access system that has a total capacity of 300 voice channels
or equivalent.

The total information bits per frame = 300 x 8 = 2400

The no.‘ of bursts per frame is 5 and the number of preamble bits per frame is
47 x5 = 235.

The system bit rate

information bits + preamble bits
frame period

2400 + 235
- 200 1 2% bits/sec,

125 x 10

21 x 106 bits/sec.

il

The information bandwidth for the receivers in the satellite and the participating ground
stations is
1.2 x bit rate or 26 MHz.
The TDMA efficiency is the ratio of information bits to preamble bits within a frame

or information bits

information bits + preamble bits

TDMA efficiency =

2400
2400 + 235

= 0.91
The effect of guard time has been neglected in these calculations. Based on a 21 x 106

bits/sec. rate the number of equivalent guard time bits is
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w = 0.1><10_6><21><10+6 = 2.1 bits pe rd iod
bit period . 1ts per guard peri

or assuming 2 bits per guard period, 10 bits per frame are allocated for guard channels.

This has negligible effect on bit rate or TDMA efficiency.
3.3 " SPREAD SPECTRUM MULTIPLE ACCESS (SSMA)

1. GENERAL CHARACTERISTICS — Spread spectrum multiple ébcess communicatioﬁs
systems can be illustrated by the 3 dimensional domain shown in Figure B-23. This type of
signal usually takes up the entire repeater bandwidth. The repeater carrier power may vary
depending upon the number of active users. In this multiple access technique a relatively ’
narrowband signal is converted to a new signal with much greater bandwidth before modulating
the transmitter. In one method the bandspreading is accomplished by inserting a wideband
phase or ffequency PN coding on a carrier on which the message information is also super-
imposed. In another method the modulated carrier hops in a pseudo random manner between
various frequency slots distributed over a wide bandwidth. PN coding of the signals is used
because it makes possible an efficient means of asynchronous multiplexing of many messages
in a common frequency band. Since the mutual clutter contributed by all but the desired
correlation received signal have properties similar to thermal noise, signal detection should
be optimum according to communications theory.

In 2 SSMA system the number of active users is limited; however, the system degrades
very gradually with overloading. In a repeater employing a TWT hard limiting is usually
permissible, thus allowing greater TWT efficiency. Most SSMA systems require synchronization

between the receiver and the desired transmitted signal and some degree of transmitter power

control is desirable.
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2. FREQUENCY-TIME HOPPING — Frequency-time hopping is a pulse communication
technique where generally the pulses are transmitted in different frequency and time slots.
This systeni is most applicable where the number of potential users is large, the number
of active users at any one time is small and the data sources have low data rates. - Multiple
receivers at each station could be used to detect each short duration pulse or frequency
stepping may be used at the transmitter and receiver. It is necessary for the receiver to be
synchronized to the incoming signé.l. The spectrum may be more easily spread over
extremely broad bands tﬁa.n other SSMA techniques, but is vulnerable to concentrated
narrowband interference.

One study pertaining to this technique6 illustrates the time-frequenéy plane by Figure B- -
31. [Each user selects a set of distinct cells within each time frame to represent a'ma;rk
and a non-overlapping set of distinct cells to represent a space. In the detection process
matched filters are used to individually detect each chip and a majority voting is used to
determine the final decision of whether the transmitted set is a mark or a space. According
to the results of this study the chip error rate increases monotonically with the number of
active users assuming a fixed b/MK where |

b = number of distinct cells selected

M = number of distinct frequency channels

K = number of distinct time slots
This has been ascribed to being caused by the increaéed interference resulting from additional
users and the corresponding decrease in the E/No ratio. If the number of active users, N,

remains fixed, chip error increases monotonically with b/MK. This is attributed to:
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1) the probability of encountering interference is increased, and 2) the available energy
per chip is decreased.

A recent study7 describes a frequency-hopping multiple access system designed to link
small mobile terminals via a communications satellite. These characteristics typify this
tactical system:

1) a very large number of low dﬁty cycle circuits and nets must efficiently share the

limited available channel capacity afforded by the satellite,

2) much traffic will consist of short messages or interchanges interspersed between

long periods of radio silence,

3) most terminals will be located on high-speed aircraft, ships, or small land

vehicles, and

4) the equipment must be simple to use, since its operation will often be a secondary

duty for the operator.
These characteristics might be quite similar in certain geographical regions to needs via
a domestic satellite.

This system has the following characteristics: The data rates are 75 bits/sec. and
2400 bits/sec. and uses multiple frequency shift keying, MFSK, type of modulation. Each
pulse or '"'chip' is a sine wave carrier of duration Tc seconds on one of eight frequencies
spaced at _’i‘-lc_:— -~ Hz increments. There are 64 possible code words made up of
sequences of seven such pulses with an added fixed frequency pulse starting each code
word to provide synchronization information. Figure B-32 .illustrates the frequency-time

modulation frame. It follows that the time required to transmit a code word is 8Tc and there

are six information bits per code word.
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Figure Partitioning of the time-frequency plane.
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The receiver utilizes eight channels with matched filter detection. A decoder and majority
vote logic selects the transmitted code word having the highest probability. The receiver
continuously searches and locks to the expected synchronization pattern and on detection
pulls in and tracks so that a locally generated oscillator signal frequency hops with the same
time-frequency pattern as the received carrier.

The bit error rate for the system in the presence of Gaussian ﬁoise is 10_3 for an E/No
of 8 db. The effect of other users of the same channel is a drop in received signal power
and an increase in background noise. A signal with a different frequency-hopping pattern

will look to the receiver like Gaussian noise.

3. MATCHED FILTER AND CORRELATION-LOCK TECHNIQUES — A comprehensive
A study of SSMA techniques8 has classified SSMA techniques employing PN modulation as:
1) PN signal transmission with matched filter r‘eception, 2) PN signal transmission with
correlation-locked reception, and 3) frequency-time hopping communications systems.
The correlation-locked system is described by Figure B-33  for digital PSK modulation

and by Figure B-34 for analog phase modulation.

Address PN Mod-2 Balanced Trans-
Selector Generator Adder Modulator mitter

1

Binary
Message
Source

Figure B-33.  Correlation-Locked System with Digital Modulation.

The address selector sets the PN sequence generator to the called party's address. In
the digital system the PN sequence is bi~phase modulated by the message. The transmitted

spectrum is double sideband suppressed carrier.
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Address PN Balanced Phase Trans-
Selector Generator Modulator Modulator mitter
Analog
Message

Figure B-34. Correlation-Locked System with Analog Message.

In the analog system a PN subcarrier is phase modulated by the message. The message
is extracted at the receiver by multiplying an exact replica of the PN subcarrier into the

received signal and narrowband filtering this output as shown in Figure B-35, a simplified

block diagram.
Received
Signal Message
Filter — Message Output
Referepce
Signal

Figure B-35. Correlation-Locked Receiver.

The correlation locked system requires precise synchronization between the transmitter
and the receiver at all times whereas in the matched filter technique the output of the matched
filter can serve as a synchronizing signal.

The output of a filter that is matched to the input signal is the autocorrelation function of
the input signal. At the instant of match the filter output is maximum. A matched filter
SSMA transmitter is shown diagramatically in Figure B-36. Two PN sequence generators
are driven in synchronism. Generator I corresponds to binary message symbol 1 and
Generator II corresponds to message symbol 0. The binary message source selects the PN

wave corresponding to 1 and 0.
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Figure B-36. Matched Filter SSMA Transmitter

A receiver for a matched filter system is shown in Figure B-37.. A combination of
signal and noise is fed into the bandpass limiter and then into the matched filter which selects
the desired signals and suppresses the undesired ones. The output of the matched filter is

passed into an envelope detector and then into a decision device which chooses the message

signal that is largest at the instant of sampling.

Matched Envelope
B Filter 1 " Detector
Bfmc? Pass - Decision et
Limiter
Matched Envelope

Filter 2 Detector

Figure B-37.. Matched Filter SSMA Receiver

One of the most important signal parameters pertaining to PN signals is referred to as
""processing gains' which relates information bandwidth to RF bandwidth. The clock rate or
"chip' rate determines the RF bandwidth and the duration of the message symbol corresponds

to the message information bandwidth.
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SSMA techniques have been proposed in a recent GSFC NASA study as a method of combating
multipath and RFI problems for a communications system using sateliites to relay ;racking,
and data from scientific satellites. In this system the available RF sbectrum is limited to
2 MHz and there are 40 usérs that might make access to the satellite simultaneously.
Tentative system pax;ameters are as follows:. 1) because of the limited RF spectrum thé
clock rate is limited to 500 KHz; 2) thg 40 users occupy 40 10KHz channels centered in the
2 MHz band; 3) all users ﬁse the same PN codes; 4) all users use the same clock rate;

5) users are identified on the basis of each having a unique carrier frequency; and 6) overall

PN acquisition would take minutes.

3.4 ° CIRCUITS REQUIRED VS. TRAFFIC LOAD

To define multiple access system parameters it is first necessary to specify the traffic
requirements. Included in these requirements is the number and type of channel and the
grade or quality of service required for each channel. Type of channel refers to whether it
is telephone, facsimile, digital data, teletype or TV. The'grade of service " has different
meanings for the different channel types. For telephone channels, in addition to specifyi.ng
the number of completed calls that fall within certain specified quality with respect to volume,
distortion, noise and fidelity, grade of service in a switched system also refefs to the
probability of making a connection. This definition is also applicable to digital data or
record transmission over a switched network. In a store-and-forward or message—switching
system grade of service defines the average time to forward a message through the systém. 9

This connotation for grade of service is particularly pertinent in assessing the traffic

10
load for a demand assigned multiple access satellite communication system. Erlang
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formulas are generally used to ascertain the number of circuits required to accommodate a
given traffic load at a particular loss probability. There are three so-called blocking
formulas in use. The formula most frequently used by CCITT and ITU is the Erlang B which
agsumes all blocked calls are "lost" or 'cleared' because of the caller "hanging up"
immediately instead of waiting. CCITT has recommended that the loss probability during
the mean busy hour should not exceed 1%. Thus the loss probability for a single-circuit
route will be 1% when‘carrying only 0.01 Erlang. (An Erlang is defined as that traffic load
whose calls if placed end to end will keep one path continuously occupied). In order to
determine the Erlang load the stations busy hour must be determined based on an hourly

distribution of the day's traffic. Then the Erlang load is calculated based on the formula.

No. of calls x average holding time per call (sec.)
Erlang load = 3600

Based on a required loss probability and the Erlang load, the number of required circuits
can be determined using the Erlang formula or a table based on the Erlang formula as shown
in Table B-5.

Similar techniques might be used to determine the.number of circuits required for other
than telephone channels. Analysis of all traffic loads will result in the requirement for a
communication network that must provide a given number of demand assigned and fixed

assigned circuits of various bandwidths between each of the terminal stations in the network.

B-68



Formula:
Let p = loss probability -
y = the traffic to be carried (in erlangs)
n = the number of circuits
¥ /n!
B =p= T yAs 2+ -+ o/
n p=1% | p=3% | p=5% n. | p=1% | p=3% | p=5%
1 0.01 0.03 0.05 81 38.80 42.89 45.52
2 0.15 0.28 0.38 52 39.70 43.84 46.52
3 0.46 0.7156 0.90 53 40.60 44.80 47.53
4 0.87 1.26 1.52 54 41.50 45.77 48.53
5 1.36 1.876 2.22 55 42.41 46.73 49.53
6 1.91 2.54 2.96 56 43.31 47.69 50.52
7 2.50 3.25 3.74 57 44.22 48.66 51.52
8 3.13 3.99 4.54 58 45.13 49.62 52.50
9 3.78 4.75 5.37 59 46.04 50.6 53.5
10 4.46 5.563 6.22 60 46.95 51.5 b4.5
11 5.16 6.33 7.08 61 47.86 52.5 56.5
12 5.88 7.14 7.95 62 48.77 53.4 56.5
13 6.61 7.97 8.83 63 49.69 54.4 57.5
14 7.35 8.80 9.73 64 50.60 55.4 58.5
15 8.11 9.65 10.63 65 51.52 56.3 59.5
16 8.87 10.505 11.54 66 52.44 57.3 60.5
17 9.65 11.37 12.46 67 53.35 58.3 - 61.8
18 10.44 12.24 13.38 68 54.27 59.2 62.5
19 11.23 13.115 14,31 69 55.19 60.2 63.6
20 12.03 14.00 15.25 70 56.11 61.2 64.6
21 12.84 14.885 16.19 71 57.03 © 62.1 65.6
22 13.65 15.78 17.13 72 57.96 63.1 66.6
23 14.47 16.675 18.08 7 58.88 64.1 67.6
24 15.29 17.58 19.03 % 59.80 65.1 68.6
25 16.12 18.48 19.99 75 60.73 66.0 69.6
26 16.96 19.39 20.94 76 61.65 67.0 70.7
27 17.80 20.305 21.90 77 62.58 68.0 71.7
28 18.64 21.22 22.87 7 63.51 69.0 72.7
29 19.49 22.14 23.83 79 . 64.43 70.0 73.7
30 20.34 23.08 24.80 80 65.36 70.9 74.7
31 21.19 23.99 25.77 81 66.29 71.9 75.8
32 22.05 24.91 28.75 82 67.22 72.9 76.8
33 22.91 25.84 27.72 83 68.15 73.9 77.8
34 23.77 26.78 28.70 84 69.08 74.9 78.8
35 24.64 27.71 29.68 85 70.02 75.9 79.9
36 25.51 28.65 30.66 86 70.95 76.9 80.9
37 26.38 29.59 31.64 87 71.88 77.8 81.9
38 27.25 30.53 32.63 88 72.81 78.8 " 82.9
39 28.13 31.47 33.61 89 73.75 79.8 84.0
40 29.01 32.41 34.60 a0 74.68 80.8 85.0
4] 29.89 33.36 35.59 21 75.62 81.8 86.0
42 30.77 34.30 36.58 92 76.56 82.8 87.0
43 31.66 35.25 37.57 93 77.49 83.8 88.1
44 32.54 36.20 38.56 4 78.43 84.8 89.1
45 33.43 37.15 39.55 95 79.37 85.7 90.1
46 34.32 38.11 40.54 96 80.31 86.7 91.1
47 35.21 39.06 41.54 97 81.24 87.7 92.2
48 36.11 40.02 42 .54 o8 82.18 88.7 93.2
49 37.00 40.97 43.54 99 83.12 89.7 94.2
50 37.90 41.93 44.53 100 84.06 90.7 95.2
Table B-5. Erlang No. 1 formula for loss probabilities

of 1, 3, and 5 per cent*.

*CCITT Red Book, vol. II bis, Geneva, 1961.
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B.3 FREQUENCY SHARING PARAMETERS

Satellite systems have been defined and optimized for downlink transmissions in the
ITFS 2.5 to 2.69 GHz and the 11.7 to 12.7 GHz frequency bands. Since channels in
these two bands are already assigned for terrestrial users, it is necessary, if the
satellite system and the terrestrial users share these bands, that it be on a non-

interference basis. Typical models are assumed for each of the bands in order to

determine the allowable conditions for sharing.
B.3.1 FREQUENCY SHARING IN THE ITFS BAND

EXISTING TERRESTRIAL FACILITIES

a. Characteristics of ITFS Fixed Service.
The ITFS service has available 31 six MHz channels in the 2.5 - 2,69 GHz band
that are modulated essentially in the same manner as broadcast TV (VSB-AM
video and FM aural). In a typical ITFS system four separate programs originate
in a studio. Each program channel is modulated onto a carrier and fed to a
separate transmitter operating in the 2.5 to 2.69 GHz frequency band. The
combined outputs of the transmitter are fed to a broad area coverage transmit-
ting antenna. The radiated signal is received by directional parabolic antennas
at the various user sites. The signal is down-converted from the 2.5 GHz band
to VHF channels and fed to TV receivers that are part of the user distribution
system. Nominal transmitting power is 10 watts P{/'P although higher power is

sometimes authorized. The nominal area of coverage is a 20 mile radius.
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At a typical receiving site parabolic dishes are used that range in size from 1
to 6 foot. Polarization is either vertical or horizontal. ’I‘ypicol four channel
receivers have 8 - 11.db noise figures and an RF ban(iwidth of 42 MHz. The
four 2.5 GHz channels appear at the output of a down-converter as channels 7,
9, 11 and 13. Frequency assignments for ITFS are shown on Table B-6
ITFS System Model.
An ITFS terrestrial facility currently being implemented is taken as a model
for purposes of this study. This system is a four channel system with a studio
located at Palo Alto, Calif. and relay transmitters located on three mountain
peaks in the area providing adequate coverage for users in the San Francisco
Bay region.‘ An example of the broad beam coverage of- one of .the relay trans-
mitter antennas is shown in Figure B-38 providing an ERP of greater than 20
dBw over an azimuth angle of 120°,

The required receiver input signal level to yield a given picture quality

will be based on this formula:

B

S

(ﬁ) = N-1.6+w+1010g1+B—VD—)—I-E—Q 1)
TASO BB

where W = weighting factor 6.0 Db for monochrome)
4.0 Db for color

1a

.2
BV]DEO 4.2 MHz

B

.0M
BB 6.0 MHz
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GROUP CHANNEL NUMBER BAND LIMIT MHz
A-1 2500-2508
A-2 2512-2518
A-3 . 252 /l 2530
A-4 253562542
. ‘B-1 . 2506-2512
= B:: . 2518-2524
= B-2 2530:2G56
" B-4 2542.254¢
C-1 ‘ 2548-2:554
c-2 2560-2556
: C-3 2572-2:478
C-4 2584.2590
D-1 2554-2550
] D-2 2566-2572
' —”-3 2578-2554
b D-4 2500-2505

E-1 2586-2602
— .2 2608-2G14
i E-3 2620-2625
.- E-4 2632-2633
' F-1 2602-2608
. F.2 2614-2620
F-32 2626-2622

. F-4 . 26383-2G644

--1 - ——
G- 2644-2550
G-2 25556-2662
A G'B « A)U\‘k; /O/'/('
G-4 2680-265
. I - :

: H-1 2650-2655
’._! H-2 2662-2665
4 H-3 2674-2650

Table B-6.

ETV Frequency Assignments for Instructional
Television Fixed Service.

B74



80
30

60"
aoo

el A
290°) |

80-
200°1

90~

et

N \ R TR
v\ SOUTHE

- SAN FRANCISC

BT IO

o 330 e
10 20 40
g T YT T
fo—~f o
I ce . . /»
T D R . T
oo =Ll -
| T - ~ T . .
-
. -,

o '~-‘,..“'._" g

-~
by

.,
a

270731 T 1 7

jroo i
260-F| U

110"
250} .
v

120°
240°

L300Y, .
230°} |

,'.'A_’.-'.'
b - e e T S

F PR SR .

-
.

N LAY 37° 41 14"
W LONG. 1220 26 OV

p ESA-H2X2 ZIGZAG

POWER SHOWN PER CHANNEL
AT INPUT TO TRANSMISSION LINE

7.5 WATTS

25 WATTS
2-EPAAT t' DISHES

EFFECTIVE RADIATED POWER
T-1B. T-2B. T-3B. T-4B
SAN BRUNO MOUNTAIN SITE

Figure B-38

B-75




The receiver noise figure for the model is assumed to be 10 dB. The required

S
receiver input signal power for a TASO 1 color picture quality (ﬁ = 44.5 dB) is

- 90 dBw. The assumed receiving antenna for the model is a two foot parabola with
a 21 db gain and a 13 degree HPBw. The input power to the antenna is,

- 90 dBw + LOSSES - GR

= -90dBw + 2dB - 21dB = - 109 dBw.
Neglecting fading over the transmission path, free space attenuation is the difference
between the transmitter ERP and the required signal power at the input to the re-

ceiving antenna,

ASP = 20 dBw - 109dBw = - 129 dB.

The line-of-sight distance corresponding to this value of free space attenuation is
15 miles.

Consider for an interference condition a satellite in geostationary orbit sharing
the same frequency and at an orbital position and antenna directivity such that R.F.
energy is directed within the main lobes of the antennas of the model ITFS receiving
station. It is assumed that the transmitter of the satellite model is fréquency
modulated with a TV signal. To maintain the ITFS model system signal quality a
minimum unwanted FM to wanted VSB - AM protection ratio, (P/R), of 35 dB is
assumed.

The minimuin allowable satellite ERP for the assumed parameters and conditions
is,

ERP = PWANTED - P/R + LP + LF - GR + ASP .(2)
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where P WANTED is power level of desired signal to receiver input
P/R = protection ratio required
LP = polarization loss (3 dB)
LF = line losses (2 dB)
GR = receiver antenna gain (21 dB)
A Sp = free space attenuation (193 dB)

ERP = - 90 dBw - 35dB + 3dB + 2dB - 21 dB + 193 dB = + 52 dBw.
According to CCIR recommendation 358-1(OSLO 1966) the maximum flux dénsity

produced at the surface of the earth by emissions from a space station for all condi-

tions and methods of modulation shall not exceed
2
-152 + Ies- dbw/m /4KH, band (3)

where 6 is the angle of arrival of the wave in degrees above the horizon. Flux

density produced at the earth's surface is related to satellite ERP by,

pott . _EBE @
4TR 4 TR
where Gt = satellite antenna gain
P L satellite transmitter power output
R = 35,700 km (synchronous orbit to subsatellite point)
H = flux density

expressed in db
H
dbw
—;1-2- = ERP (dbw) - 162 (5)

Equating (3) and (5) gives

ERP (dbw) = [162 + (-152 + Is_)] dbw) + BW (6)
max r
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where

BWr = ratio of operating bandwidth to 4KH_ in db.

2
ERP = 10 + £ + 10 log BW
(dbw) 15 10 4KHz (7)
max
let us assume for our model,
BW = 33.6 MHz
6 = 15°
33 6 x 106
=10 +1+1 -
then ERP (dbw) . 0+1 0 logl 0 —4-><—163_-

10 + 1 + 39.25
= 50.25 dbw
which differs by less than 2 db the value based on the assumed ground model and

frequency sharing criteria.

A.s”slighmemnt of constraints on the satelhte pos1t10n fﬁaf woﬁid in effect eliminate
the lower elevation angles with respect to the ITFS system sharing the same frequency
would allow greater satellite ERP in accordance with the discrimination provided by
the ITFS receiving antenna. There is also the interference condition Whereby a
ground station receiving from a satellite is interfered by the ITFS terrestrial relay
station sharing the same frequency. The resultant AM on FM interference problem
does not require as high a P/R ratio as the FM on AM interference situation. The

assumed P/R for AM on FM is 16 dB, the ratio of the average FM carrier power to
the average AM power during the synch pulse.

In this situation the required signal power level at the FM receiver is determined
whereupon the conditions for non-interference are established. Signal-to-noise ratio

requirements for a given picture quality are:
(§> - ¢ + IF + W + 1 + P
- 8
N/ raso N M PRE (8)
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2
where o FM IMPROVEMENT) = 3 M (M + 1)

Ip
(M = MODULATION INDEX)

W, WEIGHTING, = (10.3 dB CCIR/ATT MONO

7.0 dB EIA/ATT COLOR

IPRE’ PREEMPHASIS IMPROVEMENT, ={2.6 dB MONO

0 dB COLOR

P, PEAKING FACTOR, = 7.6dB

C
For a M of 3 a TASO 1 quality color picture is obtained at a N of 10 dB which is
FM threshold.

Ly = 10 1og [3 x32 @3+ 1)] = 20.3dB

(%) = 10 + 20.3 + 7.0 + 7.6 = 44.9dB
dB
For a system noise temperature of 1000 degrees K and a 33.6 MHz R.F. band-
width the required receiver input signal power is - 113 dBw. The allowable un~
wanted signal power for a non-interference condition is - 113-16 = -129 dBw.

A 6 ft. parabolic dish would be required at the FM ground station to provide the

required signal level at the receiver input assuming a 52 dBw ERP at the satellite.

A typical 6' dish (Andrews P6-24) has the following characteristics:

gain 31.2dB
HPBW 4,5 degrees
1st Side Lobe -20 dB*
Wide angle lobe -33 dB*

Front to back ratio 38 db

*Relative to main lobe.
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Assuming the FM ground station is located within the main beam of the ITFS relay
transmitter, (see Figure E-1) the minimum allowable distance between the ITFS
relay transmitter and the FM receiving ground station is:

= - P -L+G
ASP ERPAM PUNW R

Based on an ERP of - 129 dBw, line losses, L, of 2 dB

+20dBw, a P
AM of W,

- UNW
and antenna gain, GR’ the position of the FM receiving station with respect to the
ITFS relay transmitter, the minimum allowable separation would be 100 miies,
when the FM antenna main angle lobe is in line with the ITFS transmitter.

To alleviate this severe constraint of relative location and separation, a solu-
tion might be to locate the earth station, where possible, below the level of the

surrounding or nearby terrain. The following site shielding factor could then be

included:

ELEVATION ANGLE SITE-SHIELDING FACTOR**
(DEGREES) (dB)
0-1 0
1-2 10
2-3 17
3-4 23
4 25

** CCIR OSLO 1906 IV2 Rept. 382 p.356.
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B.3.2 SHARING IN THE 12 GHz BAND
3.2.8.1 CHARACTERISTICS OF 12 GHz BAND - The following parameters
are applicable to the 12 GHz band:

a, Band limits - 11,7 to 12,7 GHz

b. - Channel bandwidth - 20 MHz

C. Frequency deviation - 8 MHz maximum
d. Frequency tolerance - .05%

e, Maximum R. F. Power - 5 watts average
f. Beamwidth - 4°

3.2.8.2 12 GHz SYSTEM MODEL - An assumed system model is a 20 mile
terrestrial link relaying a T. V. signal., Sharing the same frequency spectrum
with this terrestrial system is an earth station transmitting a TV signal to a

relay satellite in geostationary orbit,

A typical receiver/transmitter selected for the terrestrial relay stations
has the following Characteristics: Manufacturer - Microwave Associates

MA-1313

a. Frequency band - 10,5 - 13,25 GHz
b, Tuning range - 250 MHz

Ce Deviation - 8 MHz

d. Modulation - FM

e. Transmitted power - + 20 dbm

f. Receiver noise figure - 12 db

(with low noise pre-amp) - 2.6 db

Identical parabolic dishes are assumed for the transmitter and receiver.

Typical characteristics are as follows:

a. Diameter - 2 ft,

b. Gain - 35,3 db

c. Beam width - 2, 7°

d. 1st sidelobe - 16 db%*

e. Wideangle lobe ~ 35 db*
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f. Front to back ratio - 40 db

* (Relative to main lobe)

The applicable formula for determination of signal to noise requirements for

the desired picture quality is

C
= -ﬁ-+1fm+W+II+P
TASO

Zlwn

pre

where

2
Ifm(fm improvement) = 3M (M+1)
(M = modulation index)

W, weighting, = 10,3 db CCIR/ATT mono
7.0 db EIA/ATT color

I, preemphasis improvement, = 2,6 db mono
pre 0 db color
P, peaking factor, = 7.6 db

2
_ 8) 8 _
L = 3(4.2 (4.2+1) = 312

or 15 db

For a TASO 1 color picture quality the required
7.6 = 15 db

C _
N - 44.5-15-17.0 -

The required receiver input power level, Pr, based on a 12 db noise figure,

' C
20 MHz bandwidth and a 15 db N is -104 dbw.

15.6 db is allocated for fading margin, F, based on these factors:

F=P +G, -L -A -L +G -P
t t t s r T r

= -10dbw + 35,3 -2 - 145 -2 + 35,3 - (=104 dbw) = 15,6 db
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where, Pt = transmitter power
Gt = transmitting antenna gain

Lt = transmitting losses

As = space attenuation (20 mi at 12 GHz)
Lr = receiver losses

Gr = receiving antenna gain

Pr = required receiver input power level

There is an interference condition caused by the relay link receiver shar-
ing the same frequency as an earth station transmitting to a satellite in
geostationary orbit., It is necessary to establish a minimum allowable
flux density in the vicinity of the terrestrial relay receiver as radiated by
the earth station. To meet this requirement careful location of the earth
station to provide antenna discrimination, geographical separation and

sits shielding would be required,

There is an alternate interference situation that exists when a satellite
transmitte-r shares the same frequency as a terrestrial relay system,
Again it is necessary to establish a minimum allowable flux density in the
vicinity of the terrestrial relay receiver as radiated by the satellite. To
meet this requirement it is necessary to limit satellite ERP, orbital

location and antenna characteristics,

The allowable flux density, H, in the vicinity of the terrestrial relay

recelver is based on these factors:
Protection ratio, Pr for M on FM interference of 15 db

Receiver line loss, Lr’ of 2 db
a 55% efficient 2' antenna
Interference is within the antenna main beam

Required receiver input power level = =104 dbm
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Effective antenna area, Ae’ is,

2
(2 x 0,3048) x .55 = 0,643 square meters

allowable signal power at antenna terminal is,

-104 dbm -15db + 2db = -117 dbw

allowable flux density is,

H = -117 dbw + 10 log (6—16—4—3-)

= =117 dbw + 1.92 db = ~115,1 dbw/MZ

Finally, consider an interference condition that exists when a satellite
in geosynchronous orbit radiates at the same frequency as the 12 GHz

terrestrial system model. To determine the allowable satellite ERP, the

following equation is applicable,

ERP dbw = H+ 10log 47 R2 + L + L
atm P

Where H = allowable flux density at receiving site in dbw/M2
R = 35,700 Km (synchronous orbit to subsatellite point)
Latm = Minimum low elevation angle stmospheric loss

at 12 GHz (1db)

Lp = polarization loss (3db)

ERP = 115,1+ 10log (47 x 35,700,0002) + 341
= =115,1+162.1 + 3+ 1
= 51 dbw
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B.4 SYSTEM MODELS/SPIN STABILIZED SATELLITES - The objective
of this part of the study is to model the attitude control system for spin stabilized
satellite configurations and to determine the effect of spin stabilization on other
satellite subsystems (power in particular) so that comparative size, weight, and

cost data can be generated.

Three basic configurations of spinning satellites are apparent, these
are: full spin, dual spin/mechanically de-spun antenna, and dual spin/
mechanically de-spun antenna and directed solar array.

Ground rules established to reduce the number of possible variations
of basic configurations considered are:

1. Full spin is assigned low priority. Omnidirectional and
electronically - de~spun antennas are not particularly compatible
with the narrow beams under study. Furthermore, the squat
configuration necessary for full spin will generally result in

inefficient use of launch vehicle payload envelope.

2. Configuration A, dual spin with mechanically design antennas,
has a cylindrical spinning solar array which constitutes the major

part of the spinning mass,

3. Configuration B, dual spin with directed solar array, uses an
internal momentum storage device, and has an external overall

configuration identical to the 3-axis stabilized system.
4, Only horizontal spin - parallel to the earth's axis is considered.

5. This attitude control system analysis is limited to a low level
system, a high-level system if required for use during maneuvering

and station keeping is part of the station keeping subsystem,

Configurations A and B are similar in their requirement for external torque
for spinup and power to overcome bearing friction, and for that matter, similar
to the 3-axis system in torque required to overcome external bias torques and

thrust requirements and control torques for station keeping.,
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The essential difference between the 3-axis system and the spin stabilized
satellite is how it behaves when a disturbing torque is applies. When torque
(unbalanced solar pressure, outgassing, thruster leakage, etc.) disturbes a
3-axis system, angular momentum is imparted and the satellite rotates until
a diplacement or rate is sensed and a correction is made. The correction can

be made by storing the momentum or dumping it through use of an opposing torque.

When the same torque impulse is applied to the spinning satellite, the
momentum error perturbs the spin momentum vector causing wobble., A
damper, in the non-spinning body, will remove energy (some fraction each
wobble cycle) until the wobble has damped out. The resulting stable spin
vector of the satellite will be displaced slightly in direction and magnitude,
As long as the disturbances are small and random, the spinning satellite will
tend to maintain the same orientation in space without the use of non-conservative
systems., Unfortunately, the major external torques applied are not random,
and the external torque required to maintain the spin vector is essentially the

same as that for the 3-axis system,

B.4.1 Weight Analysis for Configuration A, The major weight penalty

of this configuration is not in attitude control equipment but in additional solar
array weight (a factor of ) resulting from the use of a spinning array.
The elements of the attitude control system for Configuration A have been

identified and preliminary weights assigned . The elements are:

1, Spin table

2. Spin motors

3. Bearing system and drive
4, Damping system

5. Low level thrust subsystem
6. Sensors and electronics
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SPIN TABLE
The spin table weight allowance is the weight difference resulting from installation
of a bearing and caging system in the satellite /launch vehicle adapter and separation

system, Using AREA (area of the equivalent directed solar array) as an in-

dication of satellite size:

Weight (spin table) = 10 x 0.02 * AREA

SPIN MOTORS
An allowance is made for solid propellant motors to spin the rotating portion
of the satellite, For a satellite mass with spin radius, L{ft), spin rate of 4.5/L
(rps), spin mass, 2*"’* AREA/32,2 (slugs), motor Isp of 150 (sec.), and
propellant faction of 0. 80:

Weight (Motor) = 0,045 * AREA

BEARING SYSTEM AND DRIVE

A bearing system is required between the spinning and ''stationary' parts of

the satellite, and a motor is needed to overcome bearing friction to hold the
stationary part in its earth pointing orientation, Lumped here is also an allowance
for balance weights,

Weight (Bearing system) = 5+ 0,035 * AREA

DAMPING SYSTEM
(Weight not yet assigned)

LOW LEVEL THRUST SYSTEM
A low level system is sized to compensate for solar torque, Using an ammonium
system for a satellite life of LSAT (yrs.):

Weight (Thrusters) = (.706 + 1.36 * LSAT)* ,.001 =T + AREA

SENSORS AND ELECTRONICS
A tentative weight allowance of 25 lb, is assigned for sensors and electronics.

The spin stabilized satellite does not require the gyro inertial .reference system,
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B.4.2, Weight Analysis Configuration B. This configuration has an outward

appearance of the 3-axis system, It uses an internal spinning mass because the
lighter, higi'l-spped wheel results in a weight saving, and the use of rotating

satellite body part s does not provide a useful platform for mounting of sensors

in this application.

Halstenberg (AD-70-11) proposes the weight of a reaction wheel as
8%SQRT#*H) where H is the angular momentum, Including the damper and motor,
he suggests a value of 20%SQRT(TI/P) where TI is the transverse moment of
inertia of the satellite and P is the wobble period, The wobble period should be
at least 10 times the resonaut period of the extended solar panels or 10 to 100
sec, Using TI = AREA * M #%%2/32,2, and P = 100 sec,, whe.re M is the moment
arm of the panel: -

Weight (wheel system) = 2%SQRT (AREA*M#*%2/32, 2)

In addition, as before:

Weight (Thrust system) = (. 706 + 1.36 * LSAT)*AREA*M%*, 001/L

Weight (Sensors/Electronics) = 25,

It is assumed that the wheel can be brought up to speed during coast, and the
attitude control system of the launch vehicle provides the compensating torque

so that spin motors are not required.
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B.5 A REVIEW OF RELIABILITY FACTORS CONTRIBUTING TO LONG LIFE IN

COMMUNICATION SATELLITES

1. Introduction

The Hughes Aircraft Company has been responsible for pro-
grams involving more than twenty synchronous satellites, beginning
with SYNCOM I in 1963, and extending through the current INTELSAT IV
series. A great deal of valuable and unique experience has been
accumulated by the personnel involved in these programs. This paper
is a brief summary of reflections of key reliability specialists
from Hughes satellite programs. It discusses those reliability
factors which have emerged as significant in the evaluation of long
life systems. Problem areas with high current need for improvement
are also identified. Much of the material in this review was con-
densed from a paper presented at WINCON, 12 February 1970, by
Dean L. Lindstrom, Assistant Manager of Product Effectiveness at

Hughes Space Systems Division.

2. Summary of Reliability Experience With Spacecraft Subsystems

Tahle B-7 is a summary of the mean time between failure
(MIBF) for representative spacecraft subsystems. This data was
compiled principally from hardware in the TACSAT and INTELSAT IV

series of spacecraft and is representative of the state of the art.
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TABLE B-7

MEAN TIME BETWEEN FAILURES (MTBF) OF
TYPICAL SPACECRAFT ASSEMBLIES

MTEBF
SUBSYSTEM ASSEMBLY (HOURS)

COMMUNICATION TUNNEL DIODE AMPLIFIER 12,000,000

MIXER 10,000,000

TRAVELING WAVE TUBE & DRIVER 370,000

REGULATOR 1,300,000

OSCILLATOR MULTIPLIER 2,700,000

TELEMETRY TRANSMITTER 340,000

ENCODER 170,000

COMMAND RECEIVER 210,000

DECODER 260,000

ATTITUDE SUN SENSOR 500,000

CONTROL EARTH SENSOR 360,000

DESPIN CONTROL ELECTRONICS 80,000

POWER BATTERY CONTROL ELECTRONICS 5,500,000

BATTERY 16,000,000
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3. Conservative Design

Conservative design requires a selective compromise be-
tween high performance and safety margins. A good example is the
derating of parts. In representative satellite subsystems most
parts are derated at 207% or less; sometimes parts are derated to

less than 1% of rated value.

Another important factor is the control of thermal en-
vironment. Much care is given during the design to assure that all
units are operated within a fairly uniform temperature range. This
moderate temperature environment has been fairly easily controlled
with spinning satellites. The average temperature is about 25°C,
with extremes occurring only during eclipse periods. The use of
design safety margins is important in achieving long life. 1In
digital equipment, for example, 5% resistors employed where the re-
quired tolerances are only'of 157% to 20%. In the bearing of the
TACSAT, although the life requirement is only 5 years, 50 years'

supply of lubricant is provided.

The derating method used for a typical semiconductor is
shown in Figure B-39 The derating requirements are dependent upon
both the stress and temperature of the part. The policy established
for each program requires that all parts, wherever possible, be
operated in the acceptable range shown in the figure. There are two
cases which require consideration. These are when the part stress

is operated outside the acceptable or preferred ragion, or when more
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than 20% of the parts are operated outside the preferred range.

Derating of other parts is performed on a similar basis.
Derating of integrated circuits is a little more complex, but con-
sists primarily of maintaining control of the junction temperature.
A typical derating curve for microcircuits is shown in Figure B—40.
The Hughes philosophy is that an electronic part properly applied
and derated will last indefinitely, and hence is not a life factor

on systems currently under consideration.

4, Design Optimization

To obtain high reliability consideration of an optimum de-
sign must occur during the conceptual design period. On the Hughes
communication satellites nearly all electronic units are redundant.
In retrospect the question may be asked as to whether this level of
redundancy was necessary. However, the design tradeoffs conducted
were based upon the data available at the time of the design. Ex-
tensive effort was given to configuration tradeoffs at the concept
and during the early design phase of the system. In each case de-

sign was optimized to achieve the reliability required.

5. Parts and Materials Program

A significant factor in the development of long life and
high reliability is the parts and materials program. To obtain re-
liable parts and materials controls must be established for the pro-
duction process. When practicable, specifications are written using
the manufacturer's processes as a basis. Qualification of a new

part or material includes evaluation of the vendor's process controls
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as well as the performance of the part. Parts are tested to the
specification rather than to the requirements of a particular pro-
gram. When qualified, a part is included on an Approved Parts List.
Parts used on a particular program are evaluated relative to the
program requirements then, if acceptable, entered on a Program

Authorized Parts List.

The terms '"reliability control" and "parts and materials control"
are often interpreted to mean control at the expense of new develop-
ment. Such extensive control is neither required nor is practiced
on communication satellites. Each program has required considerable
innovation and development of new patrts and materials. A proper
term to describe this process is '"managed innovation'. 1In other words,
innovation is necessary and desirable; however, to achieve high re-
liability and to maintain control of costs and schedules, some manage-
ment of this innovation is necessary. Therefore, when discussing parts
and materials program and parts and materials control, it should be

understood that what is meant is control in terms of managed innovation.

In addition to the standard test limits and methods imposed by the
applicable Government specifications, the general parts screening re-

quirements of Table B-8 are imposed as a minimum.

TABLE B-8
PARTS SCREENING STEPS

1. VISUAL INSPECTION BEFORE SEALING
2. ACCELERATION
3. X-RAY - WHEN APPLICABLE
4. TEMPERATURE CYCLING
5. BURN-IN AT RATED POWER OR VOLTAGE
a. SEMICONDUCTORS AND INTEGRATED CIRCUITS 168 - 672 HOURS

b. RESISTORS AND CAPACITORS 96 - 168 HOURS
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On the INTELSAT II and ATS Programs the parts burn-in was conducted
for 1500 hours. The selection of parts was based upon parameter drift
screening. Parameter drift screening consists of taking readings on
critical parameters at several points during the burn-in process, and
analyzing the data to select those parts which are the most uniform

in their performance and whose drift is within specific limits.
Analysis of data on the ATS Program indicated that the 1500 hours
could be reduced. On the INTELSAT IV Program the burn-in of semicon-

ductors is 4 weeks or 672 hours.

6. Test Program

The space programs introduced test philosophies with sig-
nificant differences from earlier programs. Previously, acceptance
testing on hardware was conducted primarily to identify workmanship
defects. Hence, the tests were conducted at levels lower than opera-
tional to avoid degradation of operational performance. On both the
Surveyor Programs and Communication Satellite Programs, acceptance
testing of hardware was conducted at expected operational levels.

In some cases these have been more stringent than the operational
levels actually experienced in space. The current criteria is that

if a system survives the acceptance test, then it will continue to
operate successfully in its operational environment. Acceptance and
qualification tests are conducted at many levels of hardware, from
piece parts through complete systems. A solar-thermal-vacuum test
simulating operational conditions serves as a final test of a system's
capability of survival. An orderly system for failure correction is

particularly important during this time phase.
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7. The Space Environment

Another factor affecting the communication satellites'
long life capability is the space environment itself. At synchro-
nous altitude the environment for a spinning satellite is rela-
tively benign - probable better than a laboratory environment.

The only new factor introducted is Van Allen Belt radiation.

This has not been a significant factor in satellite operation
except for degradation of solar cell capability. With a spinning
satellite at moderate temperatures the affects of the sun are’
distributed uniformly over the satellite, resulting in a uniform
and moderate temperature. There is little shock or vibration
except for that introducted by the satellite's own motion. Elimi-
nation of failure induced by manned checkout and adjustment is
probably a signifiéant factor. Extremely well-controlled condi-

tions would be required to duplicate a space environment in the

laboratory.

8. Conclusions

The capability for designing and testing for long life
was advanced during a period when innovation reached a peak. We
know much more about the space enviromnment now, but we should not
take the achievements of the 1960's for granted. While the tech-

nology may change, the ''reliability approach' must continue to be

emphasized.

Although the state-of-the-art situation today on integrated
circuits, hybrids, and large scale integrated circuits (LSI) is

similar to that of diodes and transistors ten years ago, there is a
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significant difference. We know much more about the physical and
chemical properties of parts, and the importance of controlling them
during production. The effects of handling, fabrication, and testing
on these sensitive parts must be determined and understood. The de-
velopment of high reliability in these devices will depend more on

knowledge of these properties than on large test programs.

Introduction of these new parts will affect the role of the
circuit designer. He will become more involved in the development

of these sophisticated devices and less involved in systems design.

The growth in complexity of the communication satellites,
and the achievement of the Surveyor and Apollo Programs, are indica-
tive of the trend that we can expect in the 1970's. The life and
reliability capabilities have increased similarly, leading to con-~
siderations of missions which were not practical in the 1960's. Be-
cause of the duration of some of these missions, greater life span
assurance will be required prior to initiation than has been practical
in the 1960's. For this reason, we are likely to see a shift of

emphasis in favor of greater assurance as opposed to innovation.

Table B-9 presents a list of communications satellite equip-
ment which has a high current need for improvement, and indicates the
key problem areas, potential solutions and further study actions re-
quired to resolve these problem areas to provide the support required

on the spacecraft. The listed items are in essence expected to be



3@

the life-limiting components on the next generation of communications satellites.
By illustrative comparison, the SYNCOM spacecraft designed for 18 months life
uses no moving parts and has moderate redundancy in its electrical and electronic

equipment. As a result the satellite is still in operational service after seven years.
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APPENDIX C

SUBSYSTEMS DEFINITIONS

C.1. VOICE COMMUNICATION PARAMETERS

1. . Channel Quality Requirements. To determine the basic’require-
ments for a voice channel it is necessary to define the quality of voice
transmission needed. Subjective tests have been made on subjects listening
to speech under various degrees of channel quality. Tests have be.enAmade
using syllables, words and sentences to produce data that correlates the
percentage of syllables, words and sentences understood to voice channel
quality. Voice channel quality is defined by the parameter, articulation
indices which depends upon frequency response, overall gain or speech
levels, noise conditions and distortion., A technique has been developed to
compute articulation index. The frequency range that contributes to
intelligibility extends from 200 Hz to 6100 Hz, This spectrum is divided
into 20 bands that contribute equally to speech intelligibility., In Figure

C-1, the articulation index is computed by taking the ratio of

(Area between B and D) - (Shaded Area)
Area between B and D

where the shaded area corresponds to the noise that overlaps the dynamic
speech range. Limitation of frequency response that reduces speech levels
below the threshold of audibility within the 200 Hz to 6100 Hz frequency
range degrades the articulation index so that if superior speech quality is
desired the channel frequency response should extend from 200 Hz to

6100 Hz with very little extraneous noise occurring above the threshold of
audibility. Most communications systems do not provide this type quality
for voice channels Figure C-2, the relationship between articulation

index and intelligibility, shows that an intelligibility of 95% can be achieved
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with an articulation index of 0.4. An articulation index of 0.4 corresponds
to a speech channel limited to a frequency response of 430 to 1660 Hz and
a signal to noise ratio of 30 db. A channel of this quality would be
acceptable for a limited number of applications where sentence and word

repeats and spelling of critical words are acceptable.

Frequency, cps
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Diagram illustrating the articulation-index computation. Here noise intrudes
into the dynamic range of the speech and masks a part of it (indicated by the shaded nrea),
thus reducing intolligibility.

Figure C-1, Diagram Illustrating the Articulation-Index Computation,



The frequency response of a voice channel in a standard
frequency division multiplex telephone system is limited to the range of
300 Hz to 3400 Hz. The signal to noise ratio varies over a wide range
depending upon the type of circuit from that obtainable on a leased network
where there is often a noticeable background hiss to the stringent require-
ments of radio relay circuits. Noise level standards have developed as
the result of international conclaves of the CCITT and CCIR. The
recommendations resulting from these sessions are generally followed by
the various public communications services, The total allowable noise is
made up of tWo components, thermal and intermodulation noise. The
allocation of allowable noise based on a percent of any month is shown in
Figure C-3. The latest CCIR recomméndation on noise (Rec. 353-1
Oslo 1966, Vol IV, part 2, p. 205) specifies that total noise shall not
exceed:

10, 000 pW psophometrically~-weighted mean power in

and hour; and

10,000 pW psophometrically-weighted one-minute mean

power for more than 20% of any month.

Based on a telephone channel zero reference level of one
milliwatt this corresponds to a signal to noise ratio of 50 db in the

worst (top) channel of a frequency division multiplex system.

2. Typical Satellite FDM~FM System. CCIR Report 211-1

(Oslo Vol. 4, Part 2, p. 307) recommends parameters for the designvof a
multiple voice channel FDM-~FM telephone relay system. #ere the basic
relationship between carrier-to-noise ratio and signal-to-noise ratio is

given as:
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S - (< 2
N N \Fch/fm Brf/b/ + P W (1)

S .
where N is the ratio of test tone power (i.e., 1 mW
at a point of zero relative level) to the psophometrically-

weighted noise power in the highest telephone channel.

C/N is the carrier-to-noise ratio
Brf is the occupied radio frequency bandWidth (Hz)
b is the bandwidth of the telphone channel (Hz)
Fch is the r.m. s. test-tone deviation pér channel
fm is the mid-frequency of the highest baseband channel (Hz)
P is the pre-emphasis improvement factor
W is the psophometric weighting factor
Brf and Fch are the only unknown quantities in equation (1)_.
Brf can be expressed by Carson's rule,
Brf =2 ( AF +{im) (2)
Where AF is the multi-channel peak deviation to keep truncation
noise to a tolerable levelian aéceptable relationship between AF and
Fch must be established. Bandwidth limiting due to Fch being too small
with respect to AF causes intermodulation noise (truncation noise). An
equation expressing this relationship is suggested as |
AF = Feh » 1000 ™ 1)/20 (3)
where Ln is a factor which is numerically equai to thé_equiva.lent peak
power level. CCIR recommendation 353 (Geneva 1963, Vol. IV, p. 158) ‘
gives the following equations for calculating the r m s value of white
noise power, simulating the equivalent busyhour load of a given number

of voice channels,

P=(-15+10 1og'10 N) dbm (4)
| N >240
and P =(-1+41log;, N)dbm (5)

(N = 12 to 240)
' Cc-5



The peak value of white noise power is usually taken as 13 db
above the r m s power. Thus by adding 13 db to values calculated using
equations (4) and (5) there is agreement between these equations and values

of Ln as tabulated in Table II of CCIR Rep. 211-1.

A pre-emphasis improvement factor, P, is necessary in FM
systems whenever filter networks are used to compénsate for the parabolic
characteristic of thermal noise in an FM system. Without this compensa-
tion the signal-to-noise ratios on the individual telephone channels degrade
as the square of frequency corresponding to the channel location in the
baseband spectrum. At the transmitter the baseband signal is passed
through a pre-emphasis filter ahead of the modulator. When the baseband
signal is demodulated at the receiver a de-emphasis network is used to
restore the baseband to its uniform characteristic prior to modulation.
When pre-emphasis and de-emphasis networks as recommended by
CCIR6 are employed, a pre-emphasis improvement factor of 4 db should

be used.

The psophometric weighting factor, W, takes into consideration
the frequency response of the telephone instrument and the human ear
and the effect of an interfering noise spectrum on intelligibility by
means of subjectivé tests., The value for W is usually assumed to be

2.5 db,
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C.2 TWO-WAY TELEPHONE COMMUNICATIONS BY SATELLITE

An important service that a satellite can provide to a
geogra.plhical area with lim ited communications facilities such as
Alaska is two-way telephone and digital data transmission between
remote subscribers within the area. The mode of operation is
fundamentally different from that of a typical communications satellite
or radio relay. A typical radio relay, whether satellite or micro-
wave usually relays a number of telephone and/or television channels
from one point to another. An example of this type of service is that
supplied by communications satellites to supplement trans-atlantic
Cable relay links. A recent stuly has proposed an Intelsat global type
satellite to provide a network of relays for an intra-South American
Communications system. ! This South American satellite would link
the principle cities in South America to provide telephone service.
Multiple access modes of operation and a frequency translating satellite

repeater are considered.

1 "Multiple-Access Tradeoff Study for Intra-South American Satellite
Communications System' Yeh, L.P.; Trans.on Communications
Technology, Vol. Com-16 No.5 October 1968
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The system requirements therin would be different from that of the
referenced study. Instead of a satellite relay between a number of
heavily populated cities, two-way phone service via satellite would be
provided to remote villages and sparsely populated areas such as exist

in Alaska and undeveloped areas in Asia.

The satellite should be accessible to any ground station within
the coverage area for the purpose of transmitting messages to any
other station within the area. Therefore the satellite up-link and
down-link antenna systems would have the same pattern requirements
and should therefore be a.single antenna depending upon the proximity
of up-link and down-link operating frequencies. The satellite would

serve private, industrial, governmental or educational users.

All signalling, calling, control and switching would be done on
the ground with the satellite operating only as a frequency translating
repeater. Various system configurations might be used to provide
two-way telephone service:
1) Eachground station continuously monitors all channels
relayed by the satellite. When a station recognizes that
it is being called the subscriber's line is connected to the
circuit, a transmitter is activated on the associated up-link

channel, and the subscriber's telephone rings. The



2)

3)

disadvantage of this arrangement is that each ground
station must be burdened with a complete set of receiving;
demodulating, and detection equipment. Although this
method is technically feasible the cost would be prohibitive
for all but a few large stations.

All telephone calls are relayed to a central exchange for
switching and routing to the intended destination. For

instance, assume a central telephone exchange, and two
remote exchanges, A .and B (see Figure C-4, Subscriber A,
calls subscriber B, via the satellite and the central exchange.
The call is transmitted from A to C via Channel 1. Exchangg
C connects subscriber B, to subscriber A, via a two-way
circuit that activates Channels 2, 3 and 4 in addition to
Channel 1. Thus four channels are required to complete a
telephone circuit between any two remote stations via the
central exchange with a time delayA of aéproximately 600
milliseconds due to being rela'yed twice through the satellite.
All telephone calls initially utilize the central exchange but
channels common to stations A and B are provided so that
once a call has been-initiated between A and B, B will switch

over to Channels 1 and 4 and make channels 2 and 3 available

for other traffic.
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Figure C-4. Remote Telephone Service Via Satellite.
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4) A common circuit might serve a number of remote
stations whose traffic volume and number of subscribers
would not justify separate r.f. channels. . Two up-link
and two down-link channels would be shared by a number
of users., To make a phone call a station monitors the
two down-link channels, If a channel is open a call is
initiated. The connection is completed when the called
station responds. Continuous monitoring of the down-link
Channels would be required by all subscribers sharing these
common channels, The number of subscribers that can
feasibly share the common channels would depend on the

traffic requirements of each user.

Modulation Characteristics

Each telephone channel is assumed to have a frequency response of
3.1 KHz with a bandwidth extending from 0.3 KHz to 3.4 KHz in accordance
with standard telephone pra ctice. In the case of Multiple Channels Frequency
Division Multiplex-Frequency Modulation, FDM-FM is used. Individual
single sideband suppressed, carrier voice channels frequency modulate the
carrier. (SSB-SC). Each single sideband signals is translated in frequency
to make up a baseband structure with channels spaced 4KHz apart with a
bottom baseband frequency of 12 KHz. The baseband and bandwidth

characteristics are shown in Table C-1.
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Values are shown calculated for both amplitude and frequency modulation.

The per channel deviation values used in the calculations are in accord
with CCIR Rec. 404-1. It may be noted that SSB-SC-AM requires less
RF bandwidth and carrier power than an FM system. A 30 db signal to
noise ratio was assumed for adequate voice quality and a C/N of 12 db was

-assumed an adequate level to be above threshold for the case of FM.

The Intelsat III ground stations utilize threshold extension demodulators
to greatly improve the performance of frequency modulated signals,
However, there is an assoriated penalty of greater receiver cost and
complexity and greater spectrum occupancy. ‘Table C-2 shows.the

approximate parameter values for the Intelsat III,

There are cases, particularly in providing telephone service to a
remote location, where a single voice channel might be transmitted via a
radio link. In this case the voice signal can directly frequency modulate
the transmitter assuming a baseband width of 4 KHz and a deviation ratio
of 3, the approximate RF bandwidth would be 2 x 4 (1 + 3) = 32 KHz.
Above threshold the S/N would be approximately 30 db. In Figure 2 are
shown,carrier bandwidths as a function of the number of telephone channels
for single sideband frequency division multiplexed systems, Also plotted
is the required carrier to noise ratio as a function of the number of

channels for an SSB-SC /AM system. The equations from which the curves

were derived are also shown in Figure C-5.
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C.3 DIGITAL DATA TRANSMISSIDON

Digital data transmission parameters are confined essentially to
serial PCM. Although existing digital data transmission rates are
limited to the restrictions of voice, group and super group Circuits,
future bit rates will be determined more by special PCM circuits such
as the AT&T T1 and the now experimental 225 MB/S system. The most
frequently used modulation techniques are frequency shift keying (FSK or
PCM-~FM) and phase shift keying (PCM-PSK). Bit rates on voice circuits
are from 1800 to 2400 b its per second depending upon line quality. Wider
bandwidth channels are generally leased or dedicated and the allowable
bit rate is approximately equivalent to the channel frequency response.

Shown below are capacities of commonly used circuits:

Transmission Equivalent - Usable Bandwidth  Bit Rate Bits/Sec.
Circuit Voice

Voice 1 1800-2400 Hz 1800-2400

Group (Telpack A) 12 41 KHz 50 K

> Petpack C) 60 250 K

T 1 24 digital 1.544 M '

When data is transmitted on frequency division multiplexed (FDM) voice
channels the increased loading is such that greater RF bandwidth is required.
Bandwidth is plotted in Fig,k C-5 versus number of channéls for SSB-SC-FM
with 80% of the channels devoted to data. It may be noted that when the
number of channels is less than 30 bandwidth requirements for 80% data

is no greater than required for voice. This is because the peak factors

for data channels is less than voice when the number of channels is few.

Fig. C-6 shows this relationship.
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~ The patterns for the two peak factors — peak to
rms retios — of data and voice are essentially the same
when the number of channels is large.

Figure C-¢

When bit rates are greater than can be accommodated by voice grade
circuits, a separate RF carrier is required in the case of microwave or
satellite relay or a special leased or dedicated line is necessary if
common carrier facilities are used. To model a digital link, parametric
data as plotted in Fig. C-7 and -8 is necessary. For a given bit rate
Fig. C-7 will be used to determine the required receiver bandwidth as
well as allowable bit rate within an allocated transmitter bandwidth.
Equations of these curves will provide parametric data for computer
modeling. Allowable bit error rate for PCM-FM and PCM-PSK based
on user requirement are translated to required signal to noise ratios by

the use of the curves of Figure C-8.
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Figure C-7. Power Spectrum of PCM-FM and PCM-PSK
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Figure C-8. Bit Error Probabilities for PCM-FM and PCM~-PSK
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General Characteristics and Requirements. The standard form
of a baseband digital signal is a binary (two-~-level) serial pulse
stream. This basic format is manipulated and converted in
various ways depending upon the data transmission system re-
quirements. If data is transmitted over a common carrier
switched network the interfacing element with the network is a
modem or data set as shown in Figure C-9. There are two
types of switching associated with data transmission:

Circuit Switching - Used to establish a circuit between two

terminals connected to the network, This function is
normally carried on within the network.

Message Switching - This is a store and forward function

normally done in a computer external to the network. If a
computer is part of the network it could be done within the
network,
In order to determine the type of service required and the
associated cost, the following must be specified for each
channel by the user:
a. bit rate
b. allowable error rate
c. type of circuit (simplex, half duplex or full duplex)
d. source and destination
e. nature of transmitted data
message
tabular
numerics
f. delivery time requirement

g. response time

Cc-21
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Figure C-9. The Boundary Between
the Network and What is Outside
the Network in the Case of
Data Communications.
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One of the more important driving functions for specifying
digital data transmission requirements is the data processing
equipment communications needs. Table C-3 . lists these needs
compared to common carrier services available. ! The data
processing industry is in need of a number of types of services
from the common carriers such as two-way lines with different
data rates in each direction and error correction capability.

There are delays in getting data service and equipment.

Common Carrier Service. Existing communications systems,
both- commercial and military, are b.ased on the 4 KHz voice
channel, Frequency division Multiplex is employed to trans-
mit a number of voice channels over a single transmission
link, Low data rate requirements, such as teletype, are
accommodated by combining a number of channels on a single
voice channel. By means of special data sets up to 9600 bit/sec
can be transmitted on a voice channel. Higher speed data is
accommodated by wideband channels made up of discrete
multiples of voice channel bandwidths as follows:

voice channels - nominal 4 KHz

group (Telpak A) - 12 voice channels

super group (Telpak C) - 5 groups - 60 voice channels

master group (Telpak D) - 5 or 10 super groups -
300 or 600 channels

These channel bandwidths can provide for bit rates up to 10
per sec. There are a number of disadvantages to using these
channels for digital data transmission.

a. Unless a channel is dedicated there is impulse noise

present due to switching.
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Table 3.2-1

COMPARISON OF DATA PROCESSING EQUIPMENT OPERATING SPEEDS

WITH

AVAILABLE COMMUNICATIONS CAPABILITIES (1)

DATA PROCESSING TYPICAL OPERATING SPEED COMMUNICATIONS LINK TYPE OF
EQUIPMENT (Bits/Second) CAPABILITIES COMMUNICATIONS LINK
(Bits/Second)
Card Readers
300 cards per minute 3,200 2,000 Switched voice
600 cards per minute 6,400 2,400 Leased voice
1,000 cards per minute 10,600 50,000 Broadband leased
Card Punch
300 cards per minute 3,200 2,000 Switched voice
500 cards per minute 5,300 2,400 Leased voice
Paper Tape Reader
75 110/180 TTY switched or leased
2,800 2,000 Switched voice
4,000 2,400 Leased voice
8,000 50,000 Broadband leased
Printer
300 lines per minute 6,000 2,000 Switched voice
600 lines per minute 10,600 2,400 Leased voice
1,000 lines per minute 19,400 50,000 Broadband leased
Typewriter 45-150 110/180 TTf switched or leased
Cathode Ray Tube 8,000 50,000 Broadband leased
Magnetic Tape Transport 150-3,000 110/180-2,400 TTY and voice channels
. 120,000
) 240,000
480,000 250,000 Telpak C Leased
720,000 500,000 Telpak D Leased
960,000
1,440,000
2,720,000
Disc Units 1,248,000
2:496:000 500,000 Telpak D Leased
Drum Units 1,000,000
8,000,000 500,000 Telpak D Leased
Central Processors 2,000,000
6,400,000 500,000 Telpak D Leased
16,000,000 l

(1) From:

to Docket No. 16979, March 5, 1968.
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b. There is a degradation of data quality with a number
of cascaded linear amplifier repeaters. This results
in pulse distortion, lower signal-to-noise ratio and
a higher bit error rate.

c. Inflexibility as a result of the availability of a few
discrete channel bandwidths,

d. Higher cost of linear amplifier analog repeaters
compared to digital pulse restoration repeaters.

NARROWBAND - Narrowband service is that class of service
that has a nominal bandwidth of 150 Hz and will accommodate
either one 75 baud teletype channel or digital data with bit rates
to 150 b/sec. According to a recent st:udy2 the low data rate
segment ( >300 b/sec) is the fastest growing segment of the
data communications market with the 300 to 10, 000 bit per sec
segment accounting for most of the remainder of the present
market. The data segment above 10 kilobits per second is
smaller in size and lower in growth rate. This is illustrated
in Figure C-10, which projects the number of data sets
connected to the Bell system. 2 Teletype data can be trans-
mitted on a voice grade channel with twelve 75-band teletype
channels transmitted on a single voice channel, Each TTY
signal would modulate one of twelve tones spaced by 170 Hz
within the 425 -2975 Hz frequency band.

VOICE GRADE - The allowable bit rate that can be transmitted
on a voice channel depends on the grade of line and the
sophistication of the modem. At the present time 2 kilobits
per second is the typical data rate for a voice channel on a
switched network. AT&T projects an improvement to 4.8 KBS

by 1975 on a switched voice band channel, Private voice
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Figure C-10. Projected Number of Data Sets Connected to the Bell
System Private, Message, and Wideband Data Network.
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grade circuits allow a 2.5 kilobit per second data rate with a
projected rate of 9.6 KBS by 1975. Conditioned private lines
can be provided at extra cost to allow use of higher bit rates.
Private lines also have predictable properties whereas a
dialed up call will result in a random selection of lines that
will yield different properties for each data transmission.
Some of the factors that adversely affect data transmission

characteristics of a switched line and their effects are:

Delay Distortion - This does not affect a voice signal
but smears and spreads out individual bits in a data |
pulse stream resulting in higher error rates.
Compandors - These are used to improve voice intelligi-
bility but cause a noisier signal when the line is used for
data.

Echo Suppressors - Allow transmission in only one

direction at a time. When the direction of transmission is
reversed, echo suppreséors cause delays as great as 120
milliseconds on a long line.

Single Frequency Noise - Noise due to cross talk or leak

through of carriers, pilots, or supervisory tones.
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